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ABSTRACT 
Granulites from the Napier province" Enderby Land, Antarctica 
were metamorphosed at 900-950 °c and 7-10 kilooars durinq and subsequent 
to a major tectonothermal ep~sode at 3000 million years before the 
present. Rocks presently exposed at the surface ii'l southwestern 
Enderby Land indicate a reqional increase in pressures of metamorphism 
towards the Scott Mountains - Casey Bay region, where crustal thick­
nesses of at least 30 kilometres were attained at that time. 
Subsequent to the peak granulite facies metamorphic event, the 
Napier province qranulites under~ent a prolonged phase of ~ear-iscbaric 
cooling at depth to P-T conditions of 650-700°C and 5-8 kilobars by 
2500 million years before the present. 
A study of the pyroxene qranulites from the Napier province 
demonstrates the near-isobaric cooling path in the development of a 
variety of retrograde corona textures involving the formation of 
garnet by reactions between pyroxenes, plagioclase, and opaque phases. 
Garnet-orthopyroxene bearing felsic and pelitic qranulites display a 
variety of recrystallisation and corona textures which usually involve 
the formation of secondary qarnet and, occasionally, orthopyroxenec 
Chemical zoning in these minerals, and the compositions of distinct 
generations of the qarnets and pyroxenes ~ are used to constrain the 
P-T metamorphic evolution of these granulites, and hence the evolution 
of the Napier province. 
The P-T conditions of metamorphism and cooling history of the 
qranulites of the Napier province have in part been determined by the 
application of several previously calibrated qeothermometers and 
geobarometers to mineral assemblages common throughout the province. 
Most information on the physical conditions of metamorphism and later 
cooling suqgested by zoning relationships in coexisting phases has been 
obtained, however, usinq a new experimental calibration of the P-T­
compositional dependence of the solubility of A1 203 in orthopyroxene 
coexisting with garnet, and an experimental study of the distribution 
of Fe and ~1g between garnet and orthopyroxene. 
The P-T-compositional dependence of the solubility of A1 203 in 
orthopyroxene coexisting wi th garnet has been experimelita11 y 
xii. 
determined in the P-T range 5-30 kilobars and 800-1200°C in the system 
FeO-MgO-Al z03-SiOZ CFMAS} and extended 1nto the system CaO-FeO-MgO­
A1 Z03-SiOZ (CFMAS) in a further set of experiments designed to quantify 
the effects of the calcium content of garnet on the Ai Z03 content of 
coexistinq orthopyroxene. The geobarometer developed from these exper­
imental studies, and app11ed to granulites fiom the Napier province, 
compares favourably with recent experimental data oO'cained by other 
workers, and yields reasonable and consistent results for a variety of 
well-documented natural occurrences previously reported in the 
literature. 
The P-T-compositional dependence of the distribution of Fe and Mq 
between garnet and orthopyroxene has been experimerltally caliLrated in 
FM AS and CFMAS , enabling the construction of an approximate geotherm­
ometer for use in granulite facies assemblages and in garnet peridotite 
xenoliths. Non-ideal, model-dependent interaction parameters for qarnet, 
derived from Fe-Mg distribution experimental data obtained ill CFMAS, 
are in ~ood agreement with previous estimates by other experimental 
investigators. 
xii i .. 
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INTRODUCTION 
This thesis presents the results of an experimental study of 
the P-T dependence of the solubi1ity of A1 03 in orthopyroxe'1e co­2
existing with garnet and the application of this barometer-thermomete~, 
in combination with other Fe-Mg exchange geothermometers, to granul~te 
facies metamorphic rocks from Enderby Land, Antarctica. 
In the past decade there have been considerable advances in 
the quantitative estimation of pressures and temperatures of meta­
morphism, based on data obtained from the analysis of compositions of 
phases coexisting in divariant and trivariant equilibria. Experimental 
work has led to the calibration of a number of Fe-Mg exchange thermo­
meters, the pyroxene "solvus" thermometer, and other barometers and 
thermometers which are applicable, with varying degrees of uncertainty 
and reliability, to granulite facies metamorphic rocks, eclogites, and 
peridotites. 
An important barometer which has been developed from experimental 
studies, chiefly in chemical systems approaching peridotlte compositions, 
is the pressure dependence of the solubility of A1 Z03 in orthopyroxene 
coexisting with garnet (Boyd, 1973; Wood and Banno, 1973; Wood, 1974). 
Application of this barometer to crustal granulites and garnet 
peridotites has, in some cases, yielded unreallstic pressures of 
formation for such rock types and has cast doubt on the reliability of 
this barometer. 
In the first part of this thesis, the solubility of A1 Z03 in 
orthopyroxenes coexisting with garnet 1s experimentally re-calibrated 
in a P-T-X range applicable to granulite parageneses. Thermodynamic 
analysis of the experimental data results in the formulation of 
equations from which the pressures of formation of granulit2s and 
3 
peridotites can be estimated. In Chapter 2, experimental results 
in the simple system FeO-MgO-A1 203-Si02 are presented. The experi­
mental approach is further extended to CaO-bearing systems in 
Chapter 3. Along with a practical barometer based on A1 203 solubility 
in orthopyroxenes coexi sti ng w'ith garnet, a t~-;ermometet based on 
Fe-Mg exchai-lge bet\t./een garnet and orthopyroxene ; il t:le FMAS and 
CFMAS systems is obtained from the experimental data ~f ChaDter 2 
and Chapter 3. Appl ication of both experimp.ntally-·der i ved -cechniques 
enables the simultaneous estimation of the P-T cond~tio~s o~ formation 
of garnet-orthopyroxene-bearing pa~agenesesu 
The geobarometer equations derived in Chapter 2 and Chapter 3 
are compared in Chapter 4 with previous experimental data obtained by 
other workers in the systems MAS, CMAS, and CFMAS. These experimental 
data constitute independent data sets by which the accuracy of 
equations derived in Chapter 2 and Chapter 3 may be judged. The 
consistency of these equations with the most recent MAS a~d CMAS dat~ 
is demonstrated in Chapte~ 4. 
The A1 203-geobarometer is applied to some we1l documelted 
natural garnet-orthopyroxene-bear-ing parageneses 1n Chapter 4, 
These parageneses include garnet-peridotite inclusions in kimberlites: 
garnet-peridotite and orthopyroxene-eclogite bodies and masses in 
crustal gneisses; and granulites from regional metamorphic belts 
worldwide. The overall consistency and reliability of the A1 203 
barometer derived herein, given reaso1able temperature estimates, ~re 
illustrated by these examples. 
In the second part of the thesis (Chapters 5, 6 and 7) the 
garnet-orthopyroxene barometry/thermometry techniaues are combined 
with other geothermometers and geobarometers including gar~et­
clinopyroxene Fe-Mg distribution thermometry; two-pyroxene thermometry~ 
4 
calcium Tschermak's-anorthite-quartz bar~metry; and phase stability 
and topological constraints in a detailed study of the metamorphic 
conditions and evolution of an Archaean granulite facies te~~ain, 
the Napier Complex of Enderby Land, Antarctica: 
A wide range of two-pyroxene and garnet-clinopyroxene 
granulites are considered in Chapter 5. The P-T evolution of these 
rock types is evaluated, based on textu~al criteria and the app11cation 
of various geothermometers/barometers to the mineral assemblages. 
The metamorphic history of Enderby Land is further elL'cidated 
in an extensive study of the common garnet-orthopyroxene-be2:ing 
assemblages found in the granulites. The barometry/thermometry 
techniques developed in Chapter 2 and Chapter 3 are applied to such 
granulites and P-Tevolutionary paths on both local (single sites) 
and regional scales are constructed from a combination of the P-T 
techniques with textural observations and mineral zoning patterns 
The data outlined in Chapter 5 and Chapter 6 are combined in 
Chapter 7 to produce a regional synthesis of the P-T metamorphic 
evolution of the Napier Province, for the time span 3000-2500 ma. 
The tectonic implications of the P-T evolutionary path of this 
Archaean craton are also considered in this chapter and possible 
models of Archaean crustal processes are briefly assessed. 
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2.1 INTRODUCTION 
The pressure and temperature dependence of the solubility of 
A1 0 in orthopyroxene coexisting with garnet has long been recognised2 3 
amongst experimental workers and petrologists concerled with garnet 
peridotites (Boyd and England, 1964; Green and Ringwood, 1967, 1970) 
and more recently petrologists concerned with crustal granulites. 
Earlier experimental calibrations of the A1 Z03 content of enstatite 
as a function of P and T (Boyd and En~and, 1964~ MacGregor, 1974) 
in the MgO-Al z03-SiOZ system have been used widely, in conjunction 
with other geothermometers, to construct "paleogeotherms" for mantle-
derived garnet peridotites (Boyd, 1973; Boyd and Nixon, 1975, Nixon 
and Boyd, 1973; Carswell and Gibb, 1980; Mitcheil, 1978)0 The most 
widely used geobarometer-geothermometer equation has been that 
developed by Wood (1974). This calibration was based upon the experi­
mental data of MacGregor (1974) in the MgO-Al z03-SiOZ(MAS) system, 
and on experimental data obtained by Wood (1974) in the FeO-MgO­
A1 Z03-SiOZ (FMAS) system and CaO-FeO-MgO-Al z03-SiOz (CFMAS) system. 
This calibration was compared with the multicomponent pyrolite compo 
sition data of Green and Ringwood (1970) and found to give reasonable 
duplication of their run conditions. 
More recently, much more experimental data has accumulated on 
the solubility of A1 Z03 in orthopyroxene coexisting with garnet in 
the MAS system (Arima and Onuma, 1977; Howel1s and O'Hara, 1975, 1978; 
Danckwerth and Newton, 1979; Lane and Ganguly, 1981; Hensen and 
Essene, 1971), in the CMAS system (Ake11a. 1976; Howells and O'Hara, 
1978); and in CFMAS or natural mineral systems (Ake11a, 1973, 1974; 
Hensen, 1973; Mori, 1978; E11is,1979). Despite the proliferation of 
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data in compositions relevant to garnet lherzolites, several incon­
sistencies remain and the experimental data is subject to large 
uncertainty, particularly in the CMAS and CFMAS systems (Howells ind 
O'Hara, 1978). 
In the MAS system, recent data (Lane 0.nd Ganguly. -1980) have 
tended to give support to lower A1 203 contents in enstatite, for a 
gi ven P and T, than found by Boyd and E'lgl and (1964), These new data 
are in broad agreement with most of the data of MacGregor (1974). 
The details of the previous experimental data in the MAS, CMAS and CFMAS 
systems will be discussed along wi1:h some new MAS data in Chapter 4 
In the FMAS system, the only experimental data remains that of 
Wood (1974), and Hol daway (1971). The experiments of Wood (1974) were 
undertaken using seeded glass starting mixes (X =,50 glass withMg 
seeds ~f natural almandine-pyrope garnet (X Mg = .25 • XCa =05) 
and synthetic aluminous orthopyroxene (XMg ~.70 , A1 203 = 12.3 wt %)) 
only, and no reversals using mineral-m~x or low-A1 203 seed types 
were attempted. In addition, these experiments were of relatively 
short durations for higher temperature runs (20 hours), and the lower 
temperature runs resulted in quite strongly zoned garnets and probably 
in strongl y zoned ort hopyroxenes too 0 As centres of pyroxene gra ins 
were analysed and Si02 was estimated from difference, the quality 
and representability of the data is open to some question. The experi­
ments were performed on a very narrow range of bulk compositions 
with respect to thus the experimental data set represented only XMg , 
an initial and incomplete exploration into the FMAS system, This 
data was combined with the earlier MAS data, and CFMAS data of Wood 
(1974), to produce a general equation governing A1 203 in orthopyroxene 
.. . Xopx and xgaarnetcoexlstlng wlth garnet as a function of P, T, Mg C 
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Workers in granu1ite terrains, where garnet-orthopyroxene 
bearing assemblages occur over a wide range of compositions in 
pelitic and metabasic rocktypes (Xt:~ zero to .2, X~~x,",.2 - .75), 
have in recent times applied the Wood (1974) barometer to these meta­
morphic rocks. The results in these natural occurrences have, at 
times, been inconsistent with observed phase assemblages (Ellis, 1980), 
and in some cases the Wood (1974) equation has given very lower 
negative pressures (O'Hara and Yarwood, 1978). Such inconsistencies 
point to the inadequacies of the thermodynamic extrapolations from 
data in MAS, necessitated in the Wood (1974) tr2atment. 
In order to obtain more reliable and extensive date on whic1 
to base pressure estimates for granulite facies rocks in particuiar, 
I have undertaken an experimental programme ~imed at determining the 
A1 203 contents of orthopyroxenes in equi 1 ibrium with garnet plus 
quartz in the FMAS system and the CFMAS system. The experimental 
results of work in CFMAS will be presented in Chapter 3. 
In the FMAS system, experiments have been undertaken over the 
pressure-temperature range 5 to 30 kb and 800-1 200°C, at a nomina1 
pressure spacing of 2.5 kbars. A number of bulk X~ compcsitionsI-Ig 
have been used at all run conditions to determine the dependence of 
X~~x upon In addition, several runs have been performed using XMg . 
"reversal" mixes as a check on the validity of results using seeded 
glass mixes. 
For the purposes of an experimental study aiming to determine 
the equil ibrium content of A1 203 in a phase, a I'reversal" constitutes 
growing that Aluminous phase from both an Al-richer starting composi­
tion and an Al-poorer precursor. 
An Al-richer precursor is exemplified by an aluminous glass mix 
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(AjAFM = 15 to 20), seeded with garnet to promote garnet nucleation 
and hence a more rapid approach to equilibrium. In this type of mix, 
the original glass devitrifies to Al -rich pyroxene and this must 
further exsolve to a lower-alumina orthopyraxene while the higher 
alumina phase (garnet) is gro~ing. Thus, orthopyroxenes formed from 
such a mix would be expected to approach the equilibrium XAl value 
from the high-Al side as growth of garnet proceeds. Experimental 
orthopyroxenes formed in this way may be zoned, with a decrease in 
opx .XAl from cores to rlms, 
An Al -poorer predecessor for the growth of a phase of variable 
A1 Z0 content is provided by a mineral mixture of finely ground3 
garnet + orthopyroxene (10"1 or no A1 Z0 ) + quartz. In sue h a 3
starting mix, A1 Z0 can only be incorporated ';nto the pre-existing3 
orthopyroxene through consumption or "dissolution" of the aluminous 
phase, garnet. As ionic exchange (Fe = Mg, Al) proceeds, garnet will 
be consumed in total but will change composition (in terms of XMg ) 
in the process. Pyroxene seeds would also change composition by 
incorporating progressively more A1 Z03 to approach the equilibrium 
value from the low-Al side. Pyroxene would also change compGsition XAl 
in terms of XMg , in an opposite sense to the garnets. In mineral 
mix runs, therefore, pyroxenes would be expected to zone outwards to 
a maximwn A1 Z0 • The direction of XM change depends on the relative3 9 
x~eed with respect to x~lll k Using almandine and enstatlte seeds9 g 
only, the orthopyroxene will become more Fe, Al rich, while the garnet 
will become more magnesian rimwards 
The reasoning above is the basi3 for the interpretation of the 
analytical data on the experimental run products in this study. 
The experimental data obtained also provide informatiun on the 
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ga -0 pxdistribution of Fe-Mg between garnet and orthopyroxene (KO ) as 
. FeMg 
a function of P, T, x~fx, and XMg " It is necessary here to point 
out that KO data is heavily dependent on the X~~ attained in any 
experiment. Garnet produced in these, and in most sllbsol idus experi· 
ments,is quite often strongly zoned and thus x~~ is a difficult 
variable to constrain. In some experiments g~rnets analysed may not 
have attained their equ"ilibrium Xmg IJalue, and there also exists ~ 
possibil ity that they may overshoot thi s value (Danckwerth and Newton, 
1979; and discussion section 4.5). 
For the purposes of Fe-Mg exchange equil ibria, a "reversal" 
consists of attaining similar Xmg values (and hence a similar KO) 
in the participating phases whether approaching from a more magnesian 
seed or a more iron rich seed composition. Thus, a pyrope (or 
pyropic ga)-ferrosilite seeded mix (KO = D) would consitute a reversal 
type mix to the almandine + enstatite + quartz mineral mix or the 
almandine + enstatite seeded glass mixes (KO's = 00 mostly used in) 
the experiments. A reversal mix of this type has been used only in 
a few experiments at 1050°C and one experiment at 900°C. 
Experiments considered in this chapter have been performed 
mostly in Fe capsules. It is found (section 2,5) that iron enters 
the mix from the capsule walls, both as Fe-metal and as FeD addition 
into the equilibrating phases, Such FeD addition results in a change 
in bulk composition through the duration of a run, In response to 
such changes, the phases take up FeD. As orthopyroxene reacts at a 
faster rate than garnet (section 2.5), FeD may be preferentially incorp­
orated into orthopyroxene over garnet as the experiment proceeds. 
This will result in illusory low K9a -0 px a t any part'lCU 1ar (P ,T) 
°FeMg 
condition as the measured garnet composition is actually in Fe-Mg 
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equilibrium with an orthopyroxene of more magnesian composition than 
that measured. 
In view of the uncertainty associated with obtaining KO data 
from runs performed in Fe-capsules, few reversal s of Kga-opx 
°FeMg 
using alternate seed types have been attempted. KO data 
obtained in Fe capsules have been compared with unrevers2d and reversed 
KO data obtain in graphite capsules run under the same (P,T) conditions, 
and a general empirical adjustment has been made accordinglY to 
account for FeO addition. This problem is further discussed in 
section 2.5. 
J.L 
2.2. THERMODYNAMIC CONSIDERATIONS 
I. A1 203 SOLUBILITY IN ORTHOPYROXENE COEXISTING WITH GARNET 
The reaction governing the A1 203 content of orthopyroxene in 
equilibrium with garnet may be written as : 
(1 ) 
orthopyroxene solid ga rne'~ 
solution 
(Boyd and England, 1964; MacGregor> 1974; ~~ood and Banno, 1973; 
Wood, 1974). 
On the basis of Xray evidence and crystal··chemical constraints 
(Gangu1yandGhose, 1975, 1980), Lane and Ganguly (1981) considered 
that the maximum Al-content of an orthopyroxene was equ'ivalent to 
the pyrope composition. These authors have accordingly analysed their 
MAS data using the relation: 
orthopyroxene ga rnet 
defining a "quadrienstatite" (QEn = Mg4Si 4012 ) - "or thopyrJpe" (Opy = 
M93A12Si3012) solid solution series and writing activity-composition 
relations for orthopyroxenes appropriately. The choice of end-member 
is purely arbitrary however, and my analysis proceeds using relation­
ships derived from equation (1). The data can be analysed using 
formulations derived from (2), and ar analysis of this type has been 
carried out, yielding a barometry-thermometry equation which appears 
to off~r no advantage over that derived from an analysis of the 
experimental data based on equation (1). 
A full and detailed thermodynamic analysi~ of both garnet­
13 
orthopyroxene, Fe-Mg exchange equilibria and the A1 203 contents of 
orthopyroxene coexisting with garnet is presented in Appendix One . 
.Only a brief outl ine of the approach used will be prese;1ted here. 
The equilibrium condition for reaction (1) can be rea;~ranged to 
give (Wood and Banno. 1973) 
RT Ln K 
::: 
garnetRT Ln 
aM93A12Si3012 (3 ) 
opx 
al~gA12Si06 
P 0and + ~ 001 6V dP 
where P is in ki10bars, T is in Kelvin, and 6Vo is the standard 0 
volume change of reaction (1): 
::: 
The aim is to extract values of 6H~,T and AS~,T from experi­
mental data obtained over a P-T range, To evaluate these parameters 
we require an expression for 6Vo and activity-composition relations 
describing the solid-solution properties of the phases involved in 
reaction (1). 
Garnet has initially been treated as an ideal binary sol id
 
solution in FMAS, thus
 
'X9a )3\ Mg 
(Wood and Nicholl s, 1979). 
Subsequent thermodynamic analysis of reaction (1) has indicated· that 
14 
garnet can best be treated, in FMAS, as a single component phase for 
the purposes of Al-exchange with orthopyroxene. Hence garnet can 
be expressed as M~+A1ZSi301Z' where 
MZ+ 
= Mg; Fe,
 
garnet

and then 
, ,aM~+AlzSi301Z = 1
This approach isanalogous to that of \.~ood (1974). 
Orthopyroxene has been treated as a two-site symmetric regula~ 
solution (Thompson, 1969) with reciproce.l terms (Sack, 1979) included. 
The Ml site has been treated as a ternary (Fe;Mg,Al) symmetric regu1ar 
solution, while in FMAS the MZ site has been described in terms of 
a binary symmetric regular solution (Fe,Mg). Cross-site interaction 
terms have also been included. Full activity-composition expressions 
for Mg Si 06 and MgA1 ZSi06 are presented in Appendix One. z z 
Adopting the method of Wood and Banno (1973), Mg-Al orthopyro­
xenes have been assumed to mix ideally at one bar, and non-ideai 
(regular solution term W~~~l) Mg-Al interactions at higher pressures 
have been ascribed to an excess volume of mixing term. Incorporation 
of this term, derived from the molar volume data of Skinner (1964) 
and Danckwerth and Newton (1978), into the standard molar volume 
change of reaction (~Vo) results in a (P,T) dependent volume of 
reaction, ~Vr, where 
- ~Vr = 183.3 + 178.98 {X~~x (: - xopxn (4) 
AL cal s/kbar 
This volume term ( = ~Vo + ~Vexcess) accounts for the Mg-Al 
non-identity on the Ml site of orthopyroxene and for the pressure-
dependent of Fe-Al interactions on the Ml site. In thi s approach it 
is im0icitly assumed that the volume behaviour of M9 ZSi Z06 - MgA1ZSiO S 
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orthopyroxenes and Fe2Si 206 - FeA1 2Si06 orthopyroxenes are similar. 
In a similar approach to that used by Wood (1974), the remain­
ing non-ideal interactions in orthopyroxene are attributed to an 
excess enthalpy term related to Fe-Al interactions on the Ml site. 
This term is of the form 
M'I	 (1 _ XOpx) (1 _ 2XOpx) (1 .. XOpx )WFeAl AL AL Mg , 
Ml
and	 represents a net apparent excess energy terms. The value of WFeAl 
derived from the experimental data is thus a partly empirical estimate. 
Several assumptions, referred to in Appendix One, are critical 
in the derivation of this model and are responsible for the possible 
1imitations of the use of reaction (1) as a barometer-thermometer: 
(a)	 site occupancies of Fe and Mg on Ml and M2 can be ignored 
and Xopx or Xopx may be used instead. Major errors inMg Fe 
pressure estimates may occur where Ml-M2 o~de~ing of Mg and 
Fe is	 extreme:, 
(b)	 the magnesium numbers of the coexisting garnet and ortho-
pyroxene can be ignored except for the interactions with 
aluminium on the Ml site~ 
(c)	 non-ideal Fe-Mg interactions on the 1\11 and M2 sites of 
orthopyroxene are generally small enough to be neglected 
in aluminous orthopyroxenes. These on-site interactions 
can be balanced or negated by several cross-site (reciprocal) 
terms which then can also be ignored. 
With this approach and these assumptions, we arrive at a 
simplified expression relating the A1 203 contents of orthopyroxene co­
existing with garnet in FMAS to P,T and x~~x : (equation (25) in 
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Appendix one). 
+ = RT 1n {XA1(1 - XA1)} 
+ WM1 [(1 _2Xopx ) (l_Xo~x) (l-lPx)JFeAl Al Al Mg 
( 5 ) 
The experimental data to be presented below are analysed 
according to this expression, defining 
opxX (Mg/Mg+Fe)oPxMg 
= Al/2 
and 6Vr as given in equation (4). 
Equation (5) essentially treats the reaction (1) as an alter­
nate reaction of the form 
M2+S' 0 M2+A1 2S1'0 62 12 6 + 
2where M+ = Mg, Fe. 
In this form, no entropy of mix:ng arises from the presence of 
Fe and Mg in garnet or orthopyroxene except for distinguishable 
mixing with Al on the Ml site of orthopyroxene. i.e. Fe and Mg are 
indistinguishabl e in reaction (1) except for interact'ions with 
alumina. The variation of x~fx with XMgis attributed only to 
differences in the mixing of Mg and Fe with Al in the orthopyroxene. 
The effects of addition of Fe2+ to the MAS system are not regarded 
as dilution effects but as results of the different mix1ng properties 
between the (MgAl )Ml and (FeAl )Ml components in a simpl Hied 
orthopyroxene. This is a rather simple view of the macroscopic 
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activities of the garnet and orthopyroxene solid solutions partici­
pating in reaction (1). This macroscopic model arises from the inter­
action of a number of complicated effects in the orthopyroxene solid 
Ml
solution. In this regard, the W value derived from the experi-FeAl 
mental data should be viewed solely as a regression parameter, It 
is not a value to be used unquestion-;ngly as an iilPL1t to otiler quite 
different reactions involving orthopyroxene and other aluminous 
phases. 
11. GARNET-ORTHOPYROXENE Fe-Mg EXCHANGE 
The distribution of Fe2+ and Mg between coexisting garnet and 
orthopyroxene is governed by the following reaction: 
pyrope ferrosil ite ens ta t ite a1mandi ne 
(6 ) 
for which the condition of equilibrium is 
-RT ln 
(6Vo 6)298 0 K is -22.86 cal kbar 
-1 
,calculated from molar vo~ume data 
given in tabl e Al .1. In the subsequent thermodynamic .?nal ysi s, 6V~ 
is assumed to be independent of P and T, i.e. the effects of isothermal 
lb 
compression and thermal expansion are ignored. 
'A full thermodynamic discussion of reaction (6) is presented 
in Appendix One, and only a summary of the approach is presented here. 
In FMAS, garnet is treated as an ideal binary so-j id soluticn 
between pyrope and almandine. This solution rilodel is considered 
reasonable in vieH of the similar molar volumes of the end members 
and the near linear volume-composition curve between almandine and 
pyrope" 
Orthopyroxene is again treated as a two-site symmetrical 
regular solution, with Fe-Mg mixing on the M2 site and Fe-Mg-Al 
mixing on the Ml site. Reciprocal interactions across sites are al so 
considered in the approach of Appendix One. 
In order to derive a practical geothermometer based o~ 
*oP\K5a- site occupancies of Fe and Mg on the Ml and i~2 sHes of 
FeMg 
orthopyroxenes are ignored and approximated by the following terms: 
XMl Xopx= (1 ­Fe XAL ) Fe 
and 
XM2 opx= XFe Fe 
where Xopx is the (Fe/Fe + Mg) ratio of the orthopyroxene. Fe 
Consideration of the relative contributions of non-ideal Fe-I'I1g, 
Mg-Al and Fe-Al interactions both on individual sites and across shes 
of the orthopyroxene solid solution (Appendix One) indicates that 
the orthopyroxene can be adequately modelled assuming near random Fe-ivlg 
* defined as 
= 
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distribution on sites, an excess energy term resulting from Fe-Mg 
.. (Wopx) d l' f M Al dmlxlng FeMg' an excess energy terms resu tlng rom g- an 
Ml MlFe-Al interactions 011 the Ml site (W MgAl - W These terms canFeAl ). 
be combined with the ideal solid solution model for garnet to yield 
equation (34) of Appendix One. 
opx2Xopx) Wopx _ k:X (Wopx _ W )
-RT ln K = -RT 1n KO - (1 Mg FeMg Al MgAl FeAl2 
= + (8 ) 
This equation has been used to analyse the experimental data 
obtained in FMAS. If, instead of assuming ideal ity, we assume a 
symmetric regular solution model for Fe-Mg garnets, the term 
(2Xga 
- 1 ) wga Mg FeMg 
will be added to the expression in equation (8) .. T:le magnitude of 
W9a can be estimated by incorporation of this term into the FeMg 
analysis of the experimental data, however the derived value will be 
subject to large uncertainty resulting from FeO addition into mixes 
and the use of unreversed KO data. 
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2.3 EXPERIMENTAL STARTING COMPOSITIONS 
A series of simple system FeO-MgO-A1 203-Si02 (FMAS) starting 
mixes were prepared using analytical grade reagents. Three basic 
types. of mix were used in the experiments: 
(1) seeded glass mixes 
(2) mineral mixes 
(3) seeded sintered oxide mixes 
(1) 5eed ed g1ass mi xes . 
Analyses of glasses used in the experimental programme are 
presented in table 2.1 A number of FMAS glasses of similar A/AFM 
ratio (.15 or .20), covering a broad range (X Mg =.30,.45,.50, .60)XMg 
were synthesised from analytical grade Fe?-03' MgO J 5i02 and A1 Z03 
reagents stored in a desiccator, 
The pure oxide reagents were ground together under acetone in 
an agate mortar up to four times to achieve homogeneity. Ground mixes 
were then sinteredin a one atmosphere furnace at 900°C for 12 hours. 
The pe1letised, sintered oxide mixes were than reground and loaded 
into large capacity (50mg) graphite capsules with tight fitting lids. 
These mixes were then run in d piston cylinder apparatus at lOkbar 
and l400-1450°C to produce homogeneous green glasses generally devoid 
of any quench crystals. Raman spectra of such glasses indicated the 
presence of minor quantities of CO2, 
Glasses manufactured by this technique were used for most of 
the experiments 9 however an alternative set of glasses was manufactured 
for the final experiments to try to overcome iron-addition prob~ems 
encountered when running glasses manufactured using the graphite 
21 
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eA e e e 
Fe Mg 
Fig. 2.1 ~Al-Fe-Mg diagram showing composition~ of starting 
mixes used in FMAS experiments. Filled circles ­
glass starting m~xes (A15 and A20). Filled triangle 
- M33A15 mineral mix. All mixes lie between garnet, 
composition (Fe-Mg tieline at A25) and orthopyroxene 
. Quartz present in excess. 
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capsule technique. 
The second set of glasses were prepared using oxide reagents 
plus Fe metal, present in appropriate propcrtibns such that the 
reaction 
Fe + Fe203 = 3 FeD 
would proceed in the mixes during glass manufacture to produce the 
correct amount of FeD. Ground mechanical mixes of the reagents were 
sintered as before, and the sintered oxide + Fe metal pellets were 
then run in an atmospheric furnace at 1350°C, held in a Pt bucket 
with a continuous atmosphere of Argon to limit oxidation. Glasses 
produced by this technique were generally green, devoid of CO2, and 
contained fine quench crystals of quartz. Analyses and the theoretical 
compositions of these glasses are presented in table 2.1. 
Both methods of synthesis produced glasses close to the theore­
tical compositions required in the field garnet-orthopyroxene-quartz. 
Glasses to be used in the experimental runs were seed2d with 
finely ground mineral grains synthesised following methods outlir:ed 
below. The following seed combinatioils were used: 
(a)	 pyrope + ferrosilite 
(b) almandine + enstatite 
Combination (b) was most extensively used as these seeds reacted 
with the glass mixes much more completely. The seeds were added to 
the glasses to make up a total of 7 to 8 weight percent of the final 
seeded glass mix. The glass + seeds mixes were then re-ground to 
ensure homogeneous grainsize and distribution of seeds. 
(a)	 Preparation of seeds. 
Pyrope was synthesised from analytical grade MgO o A1 03 , and 5i02 2 
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mechanically ground together,sintered at 900°C for 12 hours and then 
run in a piston cylinder appartus at 1100°C. 30 kilobar for two hours. 
Such syntheses were performed in large dlameter (3mm) sealed platimum 
capsules. A small quantity of water was added to the miy to promote 
reaction. Clear, dodecahedral granular pyrope, apparently free of 
inclusions, was the product, as confirmed by XRD patterns and probe 
analyses. 
Almandine was synthesised from Fe203-A1203·,SiOZ mechanical ground., 
sintered oxide mixes in a pi.ston cylinder apparatus at l050°C and 
20 kbar for five hours. Syntheses were performed in large diameter 
(3mm) gold capsules, unsealed to allow reductlon of FeZ03, One syn­
thesis run yielded homogeneous, dodecahedral brown··green a'lmandine 
with few inclusions of spinel and unreacted quartz. Another synthesis 
run reacted only partially and yielded almandine, almandine with 
spinel inclusions, and some possible olivine. The a1mandine from the 
first synthesis was used in most of the experimental runs. EPM 
. analyses of this almandine indicate its stoichiometry but a1so confirm 
the presence of some fine spinel inclusions. 
Ferrosilite was synthesised from analytical grade Fe203-S~02 
reagents ground under acetone, sintered at 900 a e and 1 atm for 12 
hours and loaded into A9 50Pd 50 large diameter (3mm) capsules. These 
mixes were then run in a piston-cylinder apparatus at 1100°C, 25 kilo­
bar for two hours to produce homogeneous green ferrosil ite, confirmed 
by XRD patterns and EPM analyses. 
Enstatite was synthesised by Mr. G,A. Jenner from analytical
 
grade MgO and Si02, The mechanically ground, sintered mix was run in
 
an atmospheri c furnace at 1300a e, for 96 hours,
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(2) Mineral Mixes 
Initially, a set of mixes containing enstatite-ferrosilite-pyrope­
almandine-quartz, ground together under acetone in an agate mortar 
to 2.5 wm grainsize, were prepared to provide "exsolutionll type mixes 
i.e. aluminous orthopyroxene being fo'~med at the expense of the 
aluminous phase garnet. The seeds were mixed together in such propor­
tions to produce mixes with A/AFM rat-ios of "15, and x~ix = AO, .50 orhg 
.60. It was found in an early set of experiments (T412, see experi-· 
mental section) that such a mineral mix was unsuitable for experimental 
determination of A1 203 in orthopyroxene for the following reasons 
(see Appendix Two): 
(a) the pyroxene grains were very strongly zoned, and small grain-
sizes prohibited interpretation of the zoning; 
(b) abundant garnet nucleii prohibited grai~ growth, hence small 
grainsizes (5 ~m) resulted; 
(c) pyrope nucleii often failed to react strongly, thus the 
effective A/AFM ratios of the mixes were less than .15, inh-ibiting 
the growth of Al-orthopyroxene by migration of Al from garnet. 
An alternative mineral mix of almandine + enstatite + quartz 
was prepared from seeds described above mechanically ground under 
acetone in an agate mortar. The minerals were combined in such pro­
portions to produce a mix'of A/AFM = .15 and ~~x =.33. This mineral 
mix was used exclusively in later experimental runs as an I'exsolution" 
type mix. For lower temperature runs approximately 10 weight percent 
of an = .30, A/AFM = .15 glass mix was added to the mineral mixXMg
 
to promote reaction and consumption of garilet seeds.
 
26 
(3)	 Sintered Oxide Mixes (seeded) 
Sintered oxide mixes were prepared using the initial steps of 
the procedures outlined for preparation of the glass mixes. Sintered 
oxide mixes were seeded with 7 to 8 weight percent almandine plus 
enstatite and re-ground to ensure homogeneity in composition and grain­
size. A mix of this type was used in one experiment only, to compara 
rea(tion r&tes and achievement of equilibrium with seeded glass mixes. 
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2.4	 EXPERIMENTAL TECHNIQUES 
Experiments were carried out using ~ inch piston cylinder 
apparatus at the Geology Department, University of Tasmania. Experi­
mental techniques are similar to those employed by Green and Ringwood 
(1967). Temperature was measured using a Pt/Pt 90 RhlO thermocouple 
and recorded temperatures were controlled to within ±5°C of the 
set point. Owing to the long duration of the experiments (see belo~), 
the current required to maintain the temperatu 0 e at the set point 
increased during the runs. The increase in required EMF and input 
current is ascribed to degradation of the graphite heater by wate~ 
released from dehydrating talc in the initial stages of the runs, 
Thermocouple poisoning by Ag, Au or Fe was checked for by EPM quali­
tative analysis of thermocouple beads, In beads analysed, spectra show 
only Pt and Pd, with no Fe or Ag detected. The runs for which thermo­
couple beads were analysed were typical long duration runs ~ith 
normal input current drift, and hence thermocouple poisoning is consid­
ered to be unimportant in the whole series of runs (Brey and Green, 
1975). The set temperatures are thus regarded as the true initial 
and final temperatures despite the current drift. 
All runs were of the "pi ston-in" type" For runs at pY-essures 
of greater than 10 kbar, the assembly was brought up to near the 
required pressure and temperature, and, when at the nominated temper­
ature, the pressure was increased to the required value. Lower pressure 
runs were overpressed by 2 to 4 kilobars then bled off to just below 
the required pressure when the nominated temperature was reached. 
The pressure was then boosted to the required value. This latter pro 
cedure was employed to limit the possibility of thermocouple 
extrusion. 
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Nominal pressures are accurate to ±l kbar (Green and Rinqwood, 
1967), although it is considered that the precision in pressure 
measurement for thi s seri es of experiments may be ± S kbar because 
of the piston-in techniques employed for all runs. Pressures were 
calculated from load pressures using a -10% friction correction. 
All runs were undertaken in a "buffer assembly" consisting of 
an outer talc sleeve, a pyrex sleeve and an inner graphite heater 
sleeve. Boron Nitride inserts were fitted into the graphite slE2ve 
and housed the sample capsule. Any gaps in BN sleeves or buckets 
were filled with BN powder. 
All samples were run in sealed, large d-iameter (3rnm; "buffer" 
size) noble metal outer capsules. Pt auter capsules were used for 
11SO°C and 1200°C runs, while A9 7S Pd 2S or AgsOPd oute~ capsulesso 
were used for the lower temperature experiments. These outer capsul es 
were all sealed under an Argon stream with a graphite arc welder. 
The sample capsules (inner capsules) were sp2c~ure Fe or carbon 
rods, sealed with lids inside the noble metal outer capsules. Fe 
capsules were found to alloy with the noble metal containers along 
their boundary. In order to run different compositions (In terms 
of X~~x) or starting materials simultaneously, the Fe- or carbon 
capsules were prepared with up to four separate sample holes in each 
(Ell is, 1979 ). Approximately 3 to 6 mg of sample couid be packed 
into each of these holes (lmm diameter) . 
. Graphite multibore capsules were used only for some higher 
pressure experiments in FMAS, as at low pressures ( < 10 kb approx.) 
graphite is more reducing than metallic iron (E1lis, 1979 To 
promote reaction, small quantities of water were added to the lower 
temperature runs (see Run Details, Ta~e 2.2). 
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Typical run durati ons were: 
28 days at 800°C 
20 days at 900°C 
16 days at 975°C 
8 days at 1050°C 
and 4 days at 1150°(, 
These run durations were apparently sufficient to enable a 
close approach to equilibrium in both glass starting mixes and mineral 
mixes at higher temperatures, while at 900 0 e aild 800 0 e the almandine·· 
enstatite-quartz mineral mixes generally showed very strong zoning. 
30 
2.5 EXPERIMENTAL RESULTS 
(1) THE PROBLEM OF IRON ADDITION 
In specpure Fe capsules a general problefliencountered In the 
experlmental results was the addition of Fe from the capsule into the 
sample. Most run products were granuloblastic fairly equigranular 
polygonal mosaics of garnet, orthopyroxene and quartz with additional 
polygonal Fe metal as a product in the mosaic. In runs where some 
melting occurred (see below), Fe metal areas and quartz become globu­
lar and the garnets and orthopyroxenes subhedral. 
The Fe metal globules or grains were not produced by.reduction 
of the charges. Area scans of run products show that silicate areas 
exclusive of metallic Fe grains are more Fe rich than the starting 
x~~x, indicating the addition of FeO" Visua"1 evidence of Fe-metal 
migration into the capsule centre was accompanied by analytical evi­
dence for extensive FeD addition. This Fe-migration and FeO addition 
. was temperature- and mix-dependent. Addition was found to be more 
extensive and complete at higher temperatures in ail mix types, with 
Fe-metal forming large globular areas (T450). At lower temperatures 
(900-800°C), Fe-addition was less extensive and some mixes indicated 
a zoning in the amount of addition, with core areas of sample bores 
mix 
closer to the original 1Mg than area~ near the rims of the sample 
chamber. This feature was particularly true of mineral mix samples 
(e.g. in T680) where FeD-addition at lower temperatures was confined 
to a narrow zone near the bore wall and Fe-blebs were only found near 
the wall s. In other runs (T694, T478) mineral mixes and glass + seeds 
show a zonal arrangement of Fe-blebs in the sample chamber, with 
coarser Fe-blebs near the walls and a greater density of Fe-blebs near 
the walls also (plate 2.2). 

Plate 2.1
 

Plate 2.2
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The Fe-addition was mix dependent, with glass mixes suffering 
more addition than mineral mixes or oxide mixes held under the same 
run conditions. 
In one run (T720, 800°C, 7.5 kb'ir). Fe addition was so extensive 
that on the edges of the sample chamber all quartz in the mix was 
consumed and olivine formed along Wit:l Fe-rich garnet aild orthopyr-J­
xene. This indicated the progressive consumption of quartz to form 
ferrosilite in orthpyroxene: 
2FeO + 2Si02 =
 
added quartz
 
· f t h (Xopxf o11 owed by t he consumpt lon 0 or opyroxene Mg = .2) to form 
olivine (Fo 10) when the Si02 was exhausted: 
Fe2Si 20 + 2FeO = 6
 
added
 
+ FeO = in T720. 
Initially, it was considered that the FeO may have beeil added 
as a result of Fe3+ being present in the synthet~c glasses, However, 
the presence of Fe addition in the mineral mixes synthesised under 
conditions where no Fe3+ would exist in the almandine or ferrosilite 
contradicted this. Raman spectra of glasses showed no Fe3+ in them, 
but did indicate some CO; which could flux Fe metal into the mlX 
and provide appropriate redox equ'ilibria. 
Initial devitrification of glass containing (C03)= can be 
assumed to release CO2 which then reacts with Fe metal of the capsule 
Fe (metal) + CO2 = CO + Fe
2
+ + 02­
then: 
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oz­+ = FeO, 
and in the presence of quartz 
FeO	 + = FeSi03 
(in orthopyroxene) 
Thus, the extent of FeD addition into the phases is contro11ed 
by the COZ present, the diffusion of Fe
Z
+ through the mix, and by 
the prevailing fO Z" 
The presence of Fe-addition, particularly marked at h~gh temper­
atures, has a significant effect on K5a -opx ; while apparently having 
Fe··Mg 
little direct effect on X~fX in these experiments. In runs where iron 
addition has only occurred on the margins of capsules, it is found 
that orthopyroxene preferentially becomes more Fe-rich than garnet. 
Garnets sometimes show zonation from almandine seed cores to more 
Mg-rich compositions, as is usual 'in these run:;, and then a reverse 
zoning to slightly more almandine rich compositions in areas ~here 
marked FeO addition has occurred (e,g. T720, T764). However, ortho-
pyroxene is strongly Fe-enriched while not displaying such zoning 
(Appendix Two). In higher temperature runs where Fe-addition occurs 
throughout a sampl e it is thus to be expected that ortilopyroxenes 
will be enriched in Fe more than the garnets, resu1ting in erroneously 
low K9a-opx High pressure runs duplicated in graphite capsules 
°Fe-Mg 
(T454), KO'S derived from some mineral mix type samples, and later 
runs in the CFMAS system indicated that Koga-opx determined from 
Fe-Mg 
experiments using glasses, where Fe-contamination is greatest, should 
be increased by O.Z. This is further discussed and evaluated in 
the analysis of KO data (section Z"5). 
(Z) PRESENCE OF A MELT FRACTION 
In high temperature runs at 1050°C and 1150 °C particularly, a 
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very minor aluminous Fe-rich melt fraction was detected interstitial 
to the other phases. In T544, at 1150°C and 7.5kbar, appreciable 
melting occurred and resulted in the consumption of virtually all 
garnet and the formation of very coar-se subhedral orthopyroxene with 
aluminous quench rims. In T535, at 1050°C a~d 5 kbar melting was 
accompanied by the consumption of ga~·net and the production of other 
phases (Spinel) a~ the bul k compositions of the mixes were outside 
the garnet-opx-quartz stability field for those conditions. 
In T545 (1150°C o 12.5 kbar) melting and melt segregation occurred 
in at least One mix, producing a coarse granular to subhedra' garnet­
orthopyroxene area and a separate area of melt plus quench highly 
aluminous quench orthopyroxene (Plate 2.2). A similar effect occurred 
in a run prepared in a graphite multibore capsule, T749 (1050°C~ 17.5 
kbar), and particularly was prominent in a number of CMAS runs (see 
Chapter 4). In suc h runs, whil e pyroxenes adjacent to mel t areas were 
probed, only coexisting garnet and orthopyroxenes well away from 
segregated melt areas were used in the reduction of experimental data. 
Compositions of melts in FMAS runs are reported in Tabl e 2.3. 
It is noteworthy that these melts are more Fe-rich than garnets 21so 
present in these runs, and range in Mg-number from .20 to .35. 
Previous workers (T.H, Green, 1977) have suggested that melts in a 
garnet-bearing pelitic system will be less magnesian than coexisting 
garnets at temperatures above 950°C. All melts formed in these FI~AS 
model pelitic symple system mixes and in CFMAS mixes support this 
contention. Thus 
K ga -1 i q (Fe/Mg)ga 
DFe -Mg (Fe/Mg)' j q 
is <1 for all runs in this series w:,ere melt was generated. 
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(3) RUN PRODUCTS - FMAS 
Experiments generally yielded granuloblastic lobate to polygonal 
mo sa ics of garnet-orthopyroxene-quartz and Fe metal, In most runs 
original almandine garnet cores remained. rimmed by poikilohl~stic 
zones of more magnesian garnet (plate 2.1). Garnets contained inclu­
sions of quartz and sometimes orthopyroxene Orthopyroxenes were 
usually polygonal to subhedral, free of quartz inclus~ons, but contain­
ing some garnet inclusions (plate 2.1). Quartz grains 'tJere usually 
lobate to ovoid. Grainsizes varied depending on the starting material, 
the presence of melt, and the temperature. Runs at BOOoe produced 
grains up to 10 ~m diameter. At higher temperatures grainsizes varied 
from 10 ~m to 40 ~m, with garnets up to 100 ~m growing in runs where 
melt was present (e.g. T534). Garnets were generally coarser than 
coexisting orthopyroxenes, and of similar diameter to Fe-globules. 
In mineral mix type experiments, almandine cores persisted and 
strongly zoned garnets resulted particularly at lower temperatures 
. (900 0 e, BOOOe). Orthopyroxenes were strongly zoned in some low temp­
erature runs (T680, T501), from il1g-rich cores to Fe, Al richer rims. 
In the higher temperature runs (1050, 1150, 975°C) the orthopyroxenes 
were usually fairly homogeneous (Appendix Two), although sometimes 
zoned to Al-richer rims. Garnets in these runs usually consisted of 
relict Almandine cores (5 ~m) surrounded by broad rims (5-15 ~m) of 
Mg richer garnet. 
In glass starting compositlons, relatively homogeneous ortho­

pyroxenes grew (Appendix Two). These show some variation in but
XMg 
little scatter in A1 203 contents. Garnets were often only weakly 
zoned when small (5-10 ~m), but coarser garnets common-Iy contained 
small almandine rich cores surrounded by broad zones of Mg-richer 
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garnet (5-20].lm). Within runs some variation in Xmg of garnet and 
orthopyroxene could be related to	 the positions of the particular 
rimgrains in the sample, with lower XMg garnets and pyroxene found near 
the capsule walls. 
Some multibore experiments resu~ted in ovoid, sigmoidal or 
elongate capsule shapes (plate 2.2)~and in two runs (T720. T709) the 
Fe-lids may have been separated from the bores. At high temperatures, 
deformation of the capsules was aided by the presence of some melt. 
In the runs T720 and T546 the individual sample bores are particularly 
deformed and some mixing of the samples may have been possible. These 
runs have very high amounts of Fe-addition into the silicate phas~s 
possibly promoted by H20-C02 fluxing of the samples enhanced by the 
deformation. Run T720 (900°C, 7.5 kb), where olivine has formed in 
two mixes, has been excluded from the data analysis of K6a-opx The 
Fe-Mg 
olivine-bearing mixes have been excluded from the analysis 
related to x~~x 
Other runs (T694, T720, T709). where garnets show reverse zoning 
from pyropic compositions near rims to more almandine-rich composi­
tions closest to the rims, have also been excluded from the data set 
used to analyse Fe-Mg distribution, 
Details of all runs in the FMAS system are presented in Table 
2.2. Individual run products are depicted in partial ~Al-Fe-f"'g dia­
grams presented in Appendix Two. Compositiona1 data derived from the 
experiments and compiled in Table 2.2 have been extracted from the 
analytical data of Appendix Two based on criteria previously referred 
to. For glass type starting mixes, clusters of orthopyroxene analyses 
-opx ··opxhave been averaged to give XAl and a values .. In these mixes,XMg 
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clusters of analyses usually occur with some additional higher ~fx 
analyses often falling on mixing lines towards garnet. Maximum x~~ 
garnets have been selected where almandine was the original seed type. 
Where orthopyroxenes have been found to be zoned to lower A1 203 rims, 
these low x~fx analyses have been used as the equilibrium values. 
In mineral-mix starting mixes, the high x~fx orthopyroxene 
analyses or clusters have been selected as equl1ibrium prod~cts. Where 
mineral-mix and glass type mixes have been run under the same P-T 
conditions, these high x~fx analyses overlap with the lower x~fx ortho-
pyroxenes in the glass mixes (e.g. T821 , T753, T760, T703, T709, 
T746, T720, T680). At lower temperatures (800-900°C) strong zoning 
in the orthopyroxenes formed in mineral-mix type starting materials 
(see T680), renders the interpretation of equilibrium x~~xaild x~~x 
difficult without the presence of the alternative glass starting mixes. 
Py-Fe-Alm-En multi-mineral mixes (T412 - 12.5 kb 1050°C, 
T387 - 10 kb, 1050°C) yielded very strongly zoned garnets and ortho-
. pyroxenes strongly zoned in x~fX (Fig~re > Appendix Two). Equi-
1ibrium A1 203 contents in orthopyroxene in these runs are virtually 
impossible to isolate, although the higher x~fx analysis overlap 
with analyses of orthopyroxenes grown from glass starting material s 
and thus these have been reported in Table 2.2. These mixes have not 
suffered Fe-addition, and garnet rim compositions both on pyrope and 
almandine seeds approach val ues consi stent with x~~xand X~~l k 
Thus KO values from these runs would appear to be reliable and reversed 
values. 
(4) ALUMINA SOLUBILITY IN ORTHOPYROXENE IN FMAS 
Alumina contents of orthopyroxenes in equilibrium with garnet 
at variable x~~x are presented in figures 2.2, 2.3 and 2.40 X~~x is 
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defined as Al/2~ and the values depicted are average values derived
from theanalytical data as described above~ with error bars correspond-
ing to 1a in XMg and XA1 .
In agreement with previous work in MAS, CMAS a~d FMAS.alum~na
contents of orthopyroxene increase with increasing temperature at
constant P and x~~x Alumina contents decrease ~ith increasing P
opx
at constant T and XMg
It can readily be seen that, at any part~cular P and T~ x~~x
varies with x~~x~ with more Fe-rich pyroxenes containing less alumiha
oox
(when in equilibrium with garnet). At anyone temperature. aXAl
the slopes of the curves in the figures 2.1 -2.3, usually dX~~X
increases with decreasing P. This effect can be alternately viewed
as an increase in this slope with increasing overall x~~x By
comparison of the different isothermal data sets, it is also apparent
that the slopes vary with increasing T.
Adopting the thermodynamic approach developed 1n section 2,2,
equation (22) has been applied to the experimental data to extract
the parameters 6H~~T' 6S~! and W~~~l Multiple linear regression
and stepwise regression techniques have been used to fit the experi-
mental data to equation (5)(Table 2.4). Data sets at constant
temperature have been normalised to 1 bar using the partial molar
volume change of the reaction (1), and linear regressions performed
to derive (W~~~l)T and 6Hl.T~ where -6G~~T is - (RT ln {(1-XA1)XA1 }
- P6Vr ), are presented for various temperatures in figure 2.5. Over
the temperature range 900°C-1150°C~ a constant slope of W~~~l
5157 cal ± 200 is an adequate representation of the data (see tabl e
2.4) .
In the ll73°K plot~ there is a small P dependence to the -6G~.T
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data, with the 5 kb data plotting at higher values than the 7.5 and
10 kb data. In the 1248°K data, while the 10 kb and 15 kb data
oplot at lower -~Gl,T values than the 5 and 7.5 kb data, the 12.5 kb
points plot above the latter data and thus the pressure dependence
at this temperature is not systematic.
Data collected at 1323°K (figure 2.5) show no systematic pressure
dependence except for the 20 kb data, which deviates strongly from
the W~~~l = 5157 line. This deviation may result from the possibility
of erroneously high A1 203 estimated from microprobe analyses where
background and overlap corrections are of critical importance at these
low concentrations. 10 kb and 12.5 kb data plot at higher -6G~ ,T
values than data obtained from higher pressure runs at l423°K.
A minor pressure correction derived from these data, Wv' could be
appl ied in obtaining a better overall fit to theexperimenta-: data.
However, the error brackets on the -6G~ ,T values, derived only from
analytical uncertainties, do not permit such a correction to be made.
Thus,this apparent pressure or excess volume effect has been ignored.
Best fit regression lines with the constraint of a slope of
5157 ± 200 cal s can be fitted to the data at each temperature and
values of (6H~ ,T)XM9=1 .00 obtained from the intercepts of these 1ines
with the ordinate axis. The differences between (6H~ T)X =1 values
, Mg
at different temperatures gives the entropy 6S~.
approxi -
800 0 e data have
-1 -1
ca1s mol K .
Multiple linear regression of all data including
o -1 0yielded values of i\H = -5020 cals mol , and 6ST = -2.507
Examination of the 800 0 e data reveals that this data falls
mately on the best fit regression line of slope 5157 cals obtained
for the ll73°K data. This ~vould suggest that either 65 is near zero
between 800 0 e and 900 0 e, or i\H is larger at these temperatures, or
50
Table 2.4 MULTIPLE LINEAR REGRESSIONS OF FMAS EXPERIMENTAL DATA
(1) Xopx DATAAl
DATA SET NO. OF CASES f.,S f.,H W R
cal mol-' K-' cal') T aIls FeAl
all T 63 -2.507 -5020 5157 _92
(.328) (224) (257)
1073°K 4 - -1933 5261 .99
(80) (443)
1173°K 9 - -2349 4825 .98
(92) (239)
1248°K 18
-
-1708 5748 .89
(l89) (495)
1323°K 21 - -1865 4641 .81
(246) (516)
1423°K 11 - -1461 4856 .89/
, (184) (557)
1073°K 60 -3.357 -6143 5157 ,81
data deleted (.324) (197) given
0 57 -2.93 -5650 5157 .911073 Kand
1323°K, 20 (.30) (200) g'iven
kb data out
(2) Kria-opx DATA ( RTl nKo vs. T and parameters )
Fe-Mg
NU~1BERS IN PAREr! rHESES - STANDARD DEVIATIONS
DATA SET NO. OF CASES f.,S liH l~opx (:- liMopx Wga R
cal m·'K" cals . FeMq .L FeAl FeMq
,
Ko .2 40 -2.58 -4514 169 589 0 .86
Fe capsules (.26) 053) (l29) (602) given
11 1I 40 -2.75 -4504 102 2579 0 .84
(.29) (172) (143) '. given given
11 11 40 -2.46 -4019 517 2579 500 .85
(.26) (155) (129) . given given
11 11 62 -2.12 -3688 575 11 11 .70
(.31) (215) (121)
11 11 40 -2.29 -3728 766 11 800 .87
(.24) (145 ) (121) Cl i ve.1
adjusted Ka 55 -~.41 -2619 600 1500 874 ,91
, C-capsules C.22} (J331 given given (91 )
Kv's also 55
-1.57 -2748 400 .2579 694 .. 86
(.27) (166) given given (114 )
" "
55 -2.42 -4000 600 2579 0 ,85
(.271 (2001 l200) (200) given
,
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that the Alumina contents measured in orthopyroxenes formed at 800 0 e
and 5 kb are too high in comparison to all other data. Two mixes
used at 800 0 e were reversal mixes, and an overlap of A1 203 contents
was obtained at similar X~~x for orthopyroxenes grown from both glass
and mineral mixes. This "reversal" is difficult to ignore, however
the mineral mix orthopyroxenes are very strongly zoned even on rims,
and all mixes show textures which indicate widespread diseql'ilibrium
(Plate 2.2). Possibly equilibrium A1 203contents may be lower than
those reported for this run (T680).
Ignoring the l073°K (800 0 e) data results in a better multiple
linear regression fit (Table 2.4) to all the higher temperature data.
The 65 value obtained (2.93 ± .300) is subject to the largest uncert-
ainty of any of the regression parameters.
Temperature and the compositional variabl e (1-2XA1 )(l-XAl )(l-XMq)oPX
account for 95 percent of the variation in 6Gf,T' Other possible
minor effects, including the terms W~:M9 , Wv' and 6~e Al may be
responsible for the remainder of the variation. However, much of
this variation may also be a result of experimental or analytical
inaccuracies. It is doubtful that consideration of the minor effects
will significantly improve the fit to experimental data which have
inherent errors of ±.5 kbar and ± 1ooe at 1east. The resultant geo-·
barameter is considered to have an inherent error of ± 1 kbar due to
experimental and analytical errors alone. In application to natural
rocks, this error will be magnified by errors necessarily associated
with temperature estimation.
Returning to the experimental data, the pressure calculated
using derived regression values can be compared with the nominal
experimental pressures for all seventy-five cases.
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Pressures have been calculated using the equations
Pl (kbar) -1 [= t;V (Rr
ln K - 2.507)T + 5020 + 5157(1-XA1 )(1-2XA1 )
(1- XM}
0 px ] ,g
opx(1 - Xi~g ) J,
( 9)
the best-fit equation derived from a data set including the 800°C
run, and
-1 [(R ln K - 2.930)T + 5650 + 5157(1-XA1 )(1-2XA1 )!'1V
r
the best fit equation derived when 800°C data is exc1ud ed .
In these equations
- t:,V 183. 3 + 178 . 98 -1= (l-XAl )(XAl ) cal s kbarr
K = (1 - XA1 )( XA1 )
and T is in degrees Kelvin.
Minimising the error on WFeAl , other intermediate values of
!'1S and !'1H can be obtained which also give excellent fits of Pcalculated
wi th P . l'nom-I na
In figure 2.6, Pcalc is plotted against Pnominal for regressed
values of !'1H and !'1S. In general, the agreement between calculated
and nominal pressures is very good (r = 0.977 slope =0.904)
intercept = 0.957 ) for data other than the 800°C data, which
gives calculated pressures of less than 5 kbar. Taking into account
the errorsonthe calculated and nominal pressures, the equation (9)
is an excellent fit to all the experimental data.
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30
Fig. 2.6 P estimated by equation 2(9) plotted against experi-
mental P for all experimental data, including those
higher P data not used in the formulation of the
equation. Small numbers indicate the number of data
points giving one P estimate. All pressures in kbarn
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(5) OlIVINE-ORTHOPYROXENE AND GARNET-OlIVINE RELATIONSHIPS AT
900°C, 7.5 kbar
Massive iron addition into charges run in an iron capsule
under these conditions resulted in the formation of Fe-rich olivines
coexisting with orthopyroxene and garnet in the absence of quartz
(page 334 , Append i x Two).
Garnet-olivine Fe-Mg partitioning in the two compositions can be
compared with KO's predicted from the experimental work of OINeill and
Wood (1979). Koga-Ol values derived from the data of T720 are
Fe-Mg
subject toconsiderable uncertainty resulting from widespread XMg zoning
in the garnets. Rims of garnets near the walls of the sample capsules
involved are more Fe-rich than those from the central parts of these
changes where olivine is absent and quartz is present. Using the former
ga ga -01 01XM values, KO ranges from 1.137 ± .015 (at ~a .112) tog Fe-Mg-
01 .1.194 ± .03D (atXM = .233). These values are ln good agreement v·!ith9
the 1000°C, 30 kb data of D' Nei11 and Wood (1979), Allowing for the
pressure effect on KO for the reaction
=
at 7.5 kbar this data (O'Neill and Wood, 1979, fig. 1) would correspond
to a lower temperature of around 900°C, in good agreement with the
P-T conditions of T720.
Calculation of Tga -ol using the modified equation of O'Neill and
Wood (1980), yields temperatures of 790°C and 860°C for the
garnet-olivine pairs generated at 7.5 kbar and 900°C in T720.
Compositions of coexisting olivine and orthopyroxene yield
01 -opx
KO values which are consistent with the calculated values of
Fe-Mg
Sack (1980), KO values of 2 ± .13 (at x~~ = .112) and 179 ± .16 (at
56
X~~ = .233) fall within the 800°C-1000°C envelope of Sack (1980)
Figure 6. If these KO values are accepted as equilibrium data, they
. lend support to the orthopyroxene solution formulation of Sack (1980).
It should be noted, however, that the orthopyroxenes generated in T720
are aluminous. The possible effects of A1 203, which 2re not considered
in the treatment of Sack (1980), may render a direct comparison of
the data unreliable.
(6) K ga-opx RELATIONSHIPSDFe-Mg
Variation of KO with P,T and composition.
Koga-opx values extracted from graphite capsule runs, and
Fe-Mg
adjusted values derived from iron capsule runs have been analysed using
equation (8) to extract values of ~Ho, ~s~, and W~:M9' In this analysis
W~~~M9 and W~~~l have been introduced as fixed values derived from
other experimental data.
Multiple regression techniques have been applied to 40 selected
data points from the experimental results. The data excluded from
this analysis have unreasonably high zoning in x~a or x~px, or theq 9
equilibrium garnet compositions are not reliable because of reverse
zoning or the presence of 01 ivine.
The raw KO values from all experimental data are plotted for various
temperatures in figures 2.8 to 2.10. Large uncertainties in the KO
values obscure variations in KO with Pressure and x~~x, however
Koga-opx usually increases with increasing Pressure (at constant T
FeMg opx ga-opx .
and XMg ). In general, KO decrease conslstently withFe-Mg opx
increasing Temperature (at constant P and XM ).q
Comparison of graphite capsule runs and multi-mineral mix runs
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with glas~ mix runs indicates that Fe-addition into the latter mixes
results in an apparent decrease in KO (of up to .2). In particular,
multi-mineral mix runs at 10 kb and 1050°C give the values of 1.5-1.6,
whereas seeded glass mixes under the same conditions give KO'S of 1.3
to 1.4. These values, and KO values obtained from seeded glass mixes
where Fe-addition has been important, have been adjusted upwards by
.2. Adjusted KO values for the experiments used in this analysis are
asterisked in Table 2,2.
Multiple regressions of this adjusted data according to equation (8)
1 -1yields 6ST = -2.42 cal K-mol- and 6Hl ,T = -4000 calmol (Table 2.4).
The large errors in KO measurement, the problems of accounting for iron
addition, and the small temperature dependence of Koga-opx, result
Fe-Mg
in wide scatter of the data and hence a poor regression fit.
All KO data have been normal i sed to 1 bar using a constant vol ume
change of reaction, 6V(6)' The presence of alumina in the orthopyroxene
introduces some error here, in that there will be an excess mGlar volume
change related to the partial molar volumes of Fe2Si 206 and Mg 2Si 206
ga -opxin Al-orthopyroxenes. The pressure dependence of KO may thus
Fe-Mg
be greater in FMAS than in the simple case where no A1 203 is dissolved
in the orthopyroxene.
Using the derived values of t,.S and 6H, equation (8) can be
rearranged to construct a geothermometer based on K ga-opx in FMAS:
°Fe-Mg
4000 + 22.86 P (k bar ) + 2576 Xopx _ 600 (Xga _ XO px)
T Al Mg Mg=(OK) R 1n KO + 2.42
(1 0)
Temperatures calcul ated using equation CIO) above are compa red
with nominal run temperatures for the FMAS experiments in figure 2.11 .
There is wide scatter of estimated temperatures because of the poor
1473
1373
1273
Test.
1173
1073
973 1073 1173 1273
Texpt.
1373
•
•
1473
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Fig. 2.11 Testimated via equation 2(10), plotted against
nominal experimental T for 55 data points in C
and Fe capsules. Fe capsule Ko data used in
this fit have been adjusted upwards by 0.2,
by comparison with C-capsule data (Fig. 2.8,
Fig. 2.9}
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quality of the data and the large uncertainties in 65°. Equation (10).
based on adjusted data, reproduces the experimental run temperatures
to within ± 60°C.
Equation (10) must be appl ied with some caution to natural rocks
because of the large errors inherent in the thermometer and the as-
sumptions involved in the experimental data base. Compositional effects of
Ca and Mn in garnet increase KO markedly at constant P and T, and must
be included in developments of equation (lO)(Chapter 3). Even with
ga -opxthese other effects included, it is unlikely that the KO thermo-
Fe··Mg
meter derived herein can be used as a reliable estimate of absolute
temperatures. Relative temperature differences between samples may be
more reliably inferred, however.
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3.1 INTRODUCTION
Naturdl garnet-orthopyroxene assemblages, both in garnet peridotites
and in granulites, rarely approach the FMAS end member syst~m for which
the barometry and thermometry developed in Chapter 2 is directly applicable.
A major additional component, calcium, must be considered before the exper-
imentally calibrated garnet-orthopyroxene barometry and thermometry can
be applied to natural rocks. In particular. the calcium content of garnet
coexisting with orthopyroxene will have marked effects on K6 a-opx , by
Fe-Mg
analogy with garnet-clinopyroxene (E11is and Green, 1979) and garnet-
olivine (OINeill and Wood, 1979) Fe-Mg distributions, where KO values
increase with increasing Ca-content of the garnet at constant P and T.
Previous experimental investigations in CMAS (Howells and O'Hara,
1978 ; Akella, 1976 ; Perkins and Newton, 1980) and in CFMAS (Wood, 1974
Hensen, 1973 ; Akella and Boyd, 1973 ; Mori and Green, 1978) have shown
that the Ca-content of garnet coexisting also has a dramatic effect on the
solubility of A1 203 in orthopyroxene at constant P and T~ with less A1 203
entering the orthopyroxene in comparison with A1 203 contents determined
in simpler systems (FMAS, MAS} at the same conditions,
In this chapter, the FMAS experimental program is extended to the
CFMAS system, with the object of determining the effects of variable Ca"
contents of garnet upon both the solubility of A1 203 in o~thopyroxene
and the distribution of Fe and Mg between garnet and orthopyroxene at
near-constant x~~x and for a range of pressures and temperatures, The
evaluation of such Ca-effects will allow the development of garnet-
orthopyroxene barometry and thermometry which is directly applicable to a
wide range of rock types.
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3.2 GARNET SOLID SOLUTIONS i n the system._~aO-MgO-FeO-A12Q3-Sl9-2
Activity-composition relationships in multicomponent garnets
have been studied by several workers on the joins Pyrope-Almandine
and Pyrope-Grossular (Kolesnik et al.~ 1979; Hensen et al, 1975;
Newton et al.~ 1977; Jenkins and Newton. 1979; Haselton a~d Newton.
1980; Perkins and Essene, 1977), and Almandine·Grossular (Cressey
et aZ.~ 1978; OINeill and Wood, 1979). Three distinct approaches
have been used in the estimation of the activity coefficients of
grossular, pyrope and almandine, based on the application of the
symmetric regular or assymmetric subregular solid solution models:
(1) Natural Systems
Ganguly and Kennedy (1974) used thi s "natural laboratory"
technique in analysing natural garnet-biotite mineral pairs formed at
an assumed temperature of 630 ± 40°C. These authors assumed biotite
to behave ideally and accordingly attributed their observed composit-
, 1 ' t' , K ga-biot t t" ff"' . thlona varla lon ln 0 0 ac lVlty coe lClents ln e garnet.
Fe-Mg
Multiple regression techniques were used to extract the interaction
parameters listed in Table 3.1, based on a symmetrical solution model.
Dahl (1980) and Saxena (1968,1969,1980) have also used this approach.
Oahl (1980) has considered garnet-cl inopyroxene ± orthopyroxene
natural assemblages assumed to have formed at temperatures of 795 ±
50°C and 675 ± 45°C at two localities in Montana. Using this data
base, which covers a wide range of composition in terms of Xt: and
X~~, and assuming that clinopyroxene contributes little to the composit-
ional effects on KO' multiple regression techniques were used to
." Wga (ga ga) d (ga Wga )extract lnteractlon parameters FM' Wc F -WC M ,an WF M - M~ .. . e g a e age n g~n
These values are listed in Ta~e 3.1.
It is important to note that these natural-rock approaches
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suffer from the problems of solution modelling for the other partici-
3+pating phase; the presence of significant amounts of Fe ; and the
large error brackets on any assumed temperature of equilibration
rel ative to temperature errors in experimental or cabrimetric techni-
ques. Nevertheless, this approach provides useful constraints on the
sizes of some of the W~~ terms.1J
(2) High Pressure experiments
There are two approaches which have been used to extract inter-
action parameters for garnet solid solutions from experimental studies
on simple joins and in the ternary CFMAS system.
(a) Projects have been designed in which it is possible to
measure the composition of garnet in equilibrium with an assemblage
in which the activities of all other components are fixed. This
involves using a simple system assemblage defining a univariant curve
in that system, and adding to the system another component which will
only enter the garnet phase. Hensen et al.(1975) have estimated
Wf:M9 from tnecompositions of garnets in equilibrium with a~othite­
sillimanite (or kyanite)-quartz at different P and T in the system
CMAS. These authors have extracted a Wt:M9 by applying a sYmmetrical
regular solution model to the garnet and estimating agaCa3A12Si30l2
using the relation
=
ga
RT ln aC Al S' ° 'a3 2 13 12
where Po is the equilibrium pressure of the CAS reaction
3 Anorthite Grossular + 2Kyanite + Quartz (1)
and Pl is the run pressure. ~Vo is the volume change of the CAS
reaction at 1 bar, and the possible partial molar volume effects of
grossular~pyropewere not considered in the analysis. As a result,
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a temperature dependent interaction parameter wc
ga
M has been extracted. . a g
to account for the observed positive deviations from ideality.
Cressey et al. (1978) have applied a similar technique in
adding Fe to the simple CAS system and again using reaction (1) above
to control aE:3A12Si3012. These authors, however, also have co~sider­
ed the volume behaviour of grossular-almandine solid solutions at
1 bar, finding a general positive excess volume of mixing in the Alm-Gr
join except for a small negative departure in the grossular poor
region (Gr 5-20). The P-T-Xga data were then analysed in compari-gross
son to the breakdown reaction (1) and activity-composition curves
constructed for various temperatures. Using the derived partial molar
volume data, these a-X relations were then normalised to 1 bar
pressure. By these means, it has been found that the excess volumes
of mixing in the Alm-Gross join have an important bearing on a-X
relations at high pressures. At low grossular contents « 30%),
Fe-Ca garnets are near ideal in the temperature range 850-1200°C at
high pressures, but exhibit small negative departures from ideality
at 1 bar ..
( b) Th .. 1 d d f K ga -m i ne ral.e composltlona epen ences 0 0 ln
Fe-Mg
of experimental starting compositions run at the same P and
series
T have
been accounted for using various solid solution models for garnet
and the coexisting phase, as in the natural rock approach. Here the
Fe3+ contents of the minerals are negligible and the P-T conditions
are much more precise than in the "na tural laboratory" technique.
OINeill and Wood (1979) have studied Fe-Mg exchange between
olivine and garnet in FMAS and CFMAS and applied multiple regression
techniques to fit model-dependent interaction parameters (W ij ) in
the olivine and garnet to the experimental data. Using symmetrical
regular solution models for both phases? values of (W~~M9- W~:M9) =
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( ga ga) ~ 2 670 1 3 b h b d800 ca1, and WCaMg-WCaFe -, ca at 0 kar ave een extracte .
0'Nei11 and Wood (1979) have argued that, because the molar volume
curves on the A1m-Gross and Py-Gross joins are very similar, the term
(Wt:M9-Wt:Fe) should not be significantly pressure dependent. These
authors also estimated a very small W~~Fe va1ue of 195 cal, indicating
near ideality of the pyrope-almandine join in contrast to the results
of Ganguly and Kennedy (1979).
Jenkins and Newton (1979), in a study of the reaction
Mg 2Si 206 + CaMgSi 206 + MgA1 204 = Mg 2Si04 + CaMg2A12Si30l2 have
retrieved a value of (Wt:M9)10000C = 2000 ± 350 cals, assuming a
symmetric regular sol ution model for garnet and "ideal t~.vo site"
models for orthopyroxene and clinopyroxene. The activity of grossular
in the garnet was estimated by considering the reaction:
ofor which the molar volumes change and the 651273 could be caiculated
from available Vo, S°, and Cp data.
(3) Calorimetric Techniques
Enthalpy of solution measurements on natural and synthetic garnets
on the Py-Gross join have been fitted by Newton et al. (1977) and
Newton (1978) to a two parameter subregular solution model:
6Hexcess = 3([XgaJ2xga .2000 + [Xga J2 Xgross.3820)Ca pyrope pyrope
Enthalpy of solution values deviate by up to 2 kcal/mol from an idea-!
model at 970o K, with the larger deviations occurring at the pyrope-
rich end of the series.
The positive excess free energies of mixing indicated by Newton
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et al. (1977) are less than those derived from the WE:M9 value of
Hensen et al. (1975), but in reasonable agreement with the symmetric
regular solution W~:M9 value of Ganguly and Kennedy (1974) for garnets
with less than 30 mol %grossular.
Haselton and Newton (1980) have formulated actlvity-composition
expressions for pyrope-grossular garnets \'!hich iilclude excess enthalpy,
entropy and volume terms, using the relationship:
Excess enthalpies of mixing on the Py-Gross join were obtained from
the data of Newton et al. (1977) and fitted to an assymmetric regular
solution model to yield values of w~y and W~r. The temperature
dependence of the non-identity was estimated from calorimetric measure-
ments on Pyrope, Grossular and a PY60Gr20 garnet in the temperature
range 150-298°K. Excess entropies of the PY60Gr40 garnet were fitted
to a symmetric function and a val ue of Ws extracted. Thi s 1"S val ue
is only one-third the magnitude of the Ws term found by Hensen et al.
(1975) .
The molar volume data of Newton et al. (1977) were fitted to
a quadratic ~us gaussian curve and the partial molar volumes of
pyrope and grossular were then generated from this curve and added
to the a-X expression through the relationship:
=
o(V. - V.) / RT
1 1
Activity coefficients derived from the combined w~y, w~r, WS and
Wp terms of Haselton and Newton (1980) compare favourably with those
derived by Hensen et al. (1975) if the latter values are corrected
for the partial molar volume terms. The large apparent ws term
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derived by Hensen et al. (1975) thus seems to include an excess volume
term in addition to a smaller excess entropy effect.
The conclusions which can be drawn from all the work outlined
above and summarised in table 3.1 are that Ca-Mg-Fe garnets show
substantial positive deviations from ideallty on the Ca-Mg join at
high pressures, while mixing on the Fe-Mg join may be very close to
idea1 . Mixing on the Fe-Ca join may be slightly positively non-ideal
at high pressures. On the Fe-Ca and Ca-Mg joins the excess partial
molar volumes will be important contributions to non-ideal~ty and thus
the extent and magnitude of deviations from ideality wlll be pressure
dependent for each join. The similarities of the molar voh'me curves
in the Py-Gross and Alm-Gross joins would suggest that any pressure
dependencies, Wp, will largely cancel in multicomponent reactions
where the term (Wt:M9 - Wt:Fe) arises in the excess free energy
or the non-ideal contribution to ~Goreaction'
It is also evident that, for grossular contents less than 30
mol %, symmetric regular solution models should adequately describe
the garnet solid solutions in CFMAS.
In modelling the effects of the addition of Ca on the A1 Z03
solubility in orthopyroxene coexisting with garnet, the solution
properties of Ca-Mg-Fe garnets must be considered. In the light of
the above discussion, a symmetric ternary regular solution model has
been used for the garnet and a value of (Wt:Mg-WE:Fe) has been extract-
ed from the experimental data in an approach similar to Z(b) above.
This parameter, and the values Wt:M9' Wt:Fe can be compared with those
obta i ned by other workers (Tabl e 3J )
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Table 3.1 INTERACTION PARAMETERS FOR GARNET SOLiD SOLUTIONS IN CFMAS
PARAMETER MODEL/CONDITION REFERENCE VALUE (cal/mol)
11 11
11 11
11 11
3830 (110)
2810 (954)
3820
2340
3840
2000
3820
1000
4047
1. 5 ca 1/ mo 1/ K
1230 (2390)
4580 (1620)
7460
4.3 cal/mol/K
2020 (370)
1334
3000
5671
4.3 cal/mol/K
100
11
11
11
11
11
11
11
Newton et. al. (1977)
11 11
Perkins and Essene (1977)
Hensen et. al. (1975)
Haselton and Newton (1~80)
Ganguly and Kennedy (1974)
Dahl (1980)
Saxena (1978)
Saxena (1980)
Jenkins and Newton (1979)
Oka (1978)
Wood and Nicholls (1978)
powe 11 (1978)
AsmR ; at 700°C
AsmR with T depe
-ndence ; at
700°C
AsmR
SmR ; at 670 ° C
SmR • at 750 ° C
SmR , at 825 ° C
AsmR
SmR, but with T
dependence
SmR
SmR
SmR
SmR with P-T
dependence
11
11
WCaMg
11
11
11
11
SmR , at 1000°C
SmR , at 670°C
SmR
SmR
SmR
SmR
Cressey et. al. (1978)
Ganguly (1979)
Wood and Nicholls (1978)
Oka (1978)
Ghent (1976 i
Wood (l975)
o
678 (340)
-1000
1666
-460 to ,320
800
r----t--------t------------+---,-----_.
Ganguly cnd Kennedy (1974)
Gangu"ly (1979)
Dah 1 (1980)
O'Neill and Wood (1979)
Saxena (1978)
Oka and Matsumoto (1974)
Wood and Nicholls (1978)
SmR , at 670 ° C
SmR ; at 670°C
SmR ; at 750°C
SmR
SmR ; at 825°C
SmR ; at 550°C
SmR
11
11
11
11
11
2979 (359)
2710 (200)
1509 (1392)
195 (4.30)
2580
2600
o
"------'-- ----J- ~ ..__ I,
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Table 3.1 cont.
PARAMETER MODEL/CONDITION REFERENCE VALUE (cal/mol)
WFeMg SmR ; at 1100°C Kawasaki and Matsui (1977) 2120 (690)
and 50 kbar
0
"
.1 804WFeMg SmR ; at 1100 C
normalised to
1 bar
WCaMg - SmR ~ at 750 (;l C Dahl (1980) 2810 (954)
WFeCa
" SmR ; at 670 0 C -Ganguly aild Kennedy (l974) 4603 (2117)
" SmR ; at 670 0 C Ganguly (1979) 3152 (720)
11 SmR O'Neill and Wood (1979 ) 2676 (201)
w -CaMg
WFeCa + SmR ; at 975 - THIS STUDY 2100 (200)
WFeMg 1050 0 C
11 SmR, corrected THIS STUDY 2530 (200)
for volume terms
11 SmR, KD data THIS STUDY 2450 (600)
WFeMg assumed
11 11 0
i
i
Notes (1) SmR •..••. symmetrical regular solution model used.
AsmR ..... assymmetrical regular solution model used,
(2) figures in parentheses are standard errors in estimnted
parameter values.
(3) all W.. values are applicable to a 4 Oxygen garnetlJ
formula i.e. (Ca,Mg,Fe) A1 2/ 3Si 04,
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3.3 THERMODYNAMIC CONSIDERATIONS - CFMAS
The introduction of Ca as an extra component in the experimental
determination of A1 203 solubility in orthopyroxene necessitates the
expansion of activity-composition expressions for garnet and ortho-
pyroxene (equations (5) and (16), Appendix 2).
Using the two-site regul ar sol ution model 1ing for orthopyroxenes
(Chapter Two), the introduction of Ca will require the introduction of
. M2 M2interaction parameters on the M2 slte, WC- F and Wc u , assuming Caa e al'IQ
does not occupy the Ml site, by analogy with clinopyroxenes (e.g.,
Herzberg, 1978). In addition, an exchange reaction of the type
MgMg + CaFe = CaMg + MgFe,
~
with a free energy of exchange designated as 6GcaMg , must be introduced
to adequately account for reciprocal terms. In view of the very sma:l
quantities of Ca entering the orthopyroxenes under most conditions,
all the above adjustments have been ignored in the analysis of CFMAS
data.
We may treat garnet as either a ternary symmetric solid solution
or a ternary ass~nmetric regular solution in Ca-Mg-Fe (section 3.2),
The range of compositional data obtained in this study is not suitable
for evaluation between the more sophisticated assymetric model and
the symmetric regular solution model as the two models are virtually
indistinguishable for all but very high Xt: contents (> .30).
In the CaO-FeO-MgO ternary system, by the regular solution model
(Thompson, 1969):
3 RT ln Y~~ = 3 (Xga }2 Wga + 3 (Xga )2 WgaFe FeMg Ca CaMg
+ 3 Xga Xga (Wga + Wga _ Wga )Ca Fe FeMg CaMg CaFe (1 )
where xga = Fe/Mg + Fe + CaFe (1 - Xt:) (Fe/Fe + M9)ga
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defi ni ng Xga = Ca/Mg + Fe + Ca, and Xga + X9a + Xga = 1.Ca Ca Mg Fe
As we are considering the change in garnet activity with the
addition of Ca to the FMAS system already modelled in Chapter Two,
the first term on the right-hand side af equation (1) can be ignored
and the Ca-effect on the activity coefficient of pyrope will be
63 RT 1n yga = 3(Xga )2 Wga + 3 Xga _Xga (W ga + W9a W9a )Mg Ca CaMg Ca" Fe Fe f"l9 CaMg - Ca Fe
3 Xga (1 _ Xga ) wga + 3 X9a Xga (W ga ga )= WCaFeCa Mg CaMg Ca Fe FeMg
( 2)
For small values of Wf:M9 and Wt:Fe' and if we choose a data set
at near constant (Mg/Mg + Fe)ga, expression (2) can be approximated by
-63 RT ln y~~ c;;: -3 Xga (l_Xga)[w ga . + wga - Wga ]Ca Mg CaMg FeMgCaFe
-3 Xt: {1 - (1 -Xt:)( ~lg/lv'g+Fe) ga}
x (Wt:M9 - Wt:Fe + W~:M9) t 3 )
In Chapter Two, Fe-Mg garnet was treated as a single component
with a mole fraction, xgarnet, equal to unity in equation 2(9). With
the introduction of Ca into the system, the mole fraction of F2-Mg
garnet will be reduced by dilution:
= (4 )
Fitting equations (3) and (4) into equation 2(5), with equation
(3) being added to the non-ideal terms and expression (4) being incorpor·
ated as the denominator in the expression for K, the followlng condition
governing the A1 203 contents of orthopyroxene in equil ibrium with garnet
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in CFMAS is derived:
( 5)
CFMAS experimental data on A1 203 solubility may thus be analysed
by comparison of equation (5) with equations 2(5) and 2(9) in the
FMAS system, using W~~Al (= 5157 cals) derived from FMAS experimental
data. The parameter (W~:M9 - Wt:Fe)' with W~~Fe assumed to be zero,
is extracted from the CFMAS experimental data by a plot of
{
Xopx (l_XOPX )}
RT 1n Al Al
(1 _ Xga )3Ca
+ 5157 (1_XoPx)(1_2XoPx)(1_Xopx) - Pf),VAl Al Mg r
versu s
{ l - (l_Xga ) (M9 \ 9
aJCa Mg+FeJ at constant temperature.
CFMAS K ga-opx CONSIDERATIONS
DFe -Mg
Assuming a symmetric regular solution model for Ca-Mg-Fe garnets
in thecompositional range 0 S XCa S .20 we obtain (OINeill and Wood,
1979) :
RT ln Y~~
and similarly:
RT 1n ga = ( Xga )2wga + (Xga )2wgaYFe Mg FeMg Ca CaFe
+ Xga Xga (W FeMg + WCaFe - WCaMg ),Ca Mg
Thus, in CFMAS
RT 1n (Y~: J = WFeMg (Xga . Xga ) + (W Ca Fe - W ) Xga (6)Mg Fe CaMg Ca
YMg
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where xga = MgI""g Mg+Fe+Ca
Previously in FMAS it was found that (Chapter 2):
(
ga)YFeRT 1n ga =
YMg
r( M9) I Fe) J1Mg+Fe - \ Mg+Fe (7 )
Thus, by comparison of (6) with (7):
(
ga)YFelIRT 1n -a =
. y gMg
(W ga + Wga Wga )FeMg CaFe - CaMg (8)
At constant P, T and XMg ' if the compositwnal effects on
KDga-opx arise solely from interactio~s in the ternary garnet solid
Fe-Mg
solution, then a plot of (-RT ln KO) versus X~: will yield a straight
1 1 ( ga ga ga)ine of s ope WFeMg + WCaFe - WCaMg .
Orthopyroxenes in equilibrium with Ca-bearing garnets will also
contain a small amount of Calcium, largely confined to the M2 site.
Experimentally produced orthopyroxenes in this study show a regular
increase in CaMgSi 206 component with x~:, as there is no other Ca-
bearing phase produced (e.g., clinopyroxene, plagioclase). Orthopyro-
xenes synthesised at 975°C abd l050°C may contain up to 5 mol %
ga-opxCaMgSi 206 (Appendix 2). Thus, the observed KD may be affectedFe-Mg
by Ca in orthopyroxene. To model this we can apply a ternary regular
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solution model to the M2 site of the orthopyroxene:
The macroscopic orthopyroxene activity-composition relationship
may also include a reciprocal term ~GtaMg allowing for the cross-site
effect of Calcium on the Ml site. The magnitude of this term is
unknown.
Comparing equation (9) with the orthopyroxene M2 activity coef-
ficent term in the FMAS system (equation Al .9), it is found that:
~(WM2 + WM2 WM2 ) Xopx
2 FeMg CaMg - CaFe Ca (1 0)
As discussed in Appendlx One, W~~Fe is small ~ and
M2 M2positive ( ~ 600 cal). Values of WCaMg and WCaFe have been derived
from natural rock data (Saxena, 1976) and calorimetric measurements
(Holland, Navrotskyand Newton, 1979) .. Using the values
WM2 ~ 8000 calCaMg
WM2 ~ 5000 calCaFe
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(Table Al.2), the coefficient \(W~;M9 + W~~M9 + W~~Fe) is in the range
1500-1800 cal. The garnet interaction parameter term in equation (8)
is at least -2000 cal, derived from the x~fx data, and in all cases
x~:» x~~x Given these values for the non-ideal contributions arising
from garnet and orthopyroxene, it can be seen that the net effect of
(8) and (10) will be a smaller compositional dependence of K ga-opx
DFe -Mg
in CFMAS than predicted by considering garnet solid solution
propertie~ only. Conversely, in ignoring the orthopyroxene contribution
we may derive a value of (WE:Fe- Wt:M9) which is small in comparison
with other workers' data obtained from garnet-olivine exchange (OINeill
and Wood, 1979) or calorimetry. This conclusion, however,ignores the
possible effects of ~GtaMg. This exchange term may cancel out the other
orthopyroxene effects, but the size and sign of this term are unknown.
For simplicity, the experimental data have been reduced according to
euqation (11) below, and the possible effects of Ca in orthopyroxene
are ignored:
RT 1n K :: RT 1n K + 1 Xopx(wMl WMl ) + (1_2Xopx)Wopx° 7- Al MgAl- FeA1 Mg FeMg
(W ga wga Wga ) Xga+ FeMg + CaFe CaMg Ca
The more complete form of this equation is:
(11 )
RT ln K :: RT ln K + Wga (Xga_xga ) + (W ga + Wga - wcgaaMg) Xgao FeMg Mg Fe FeMg CaFe Ca
+ (1_2Xopx) Wopx + L.XMl (W Ml WM1 )Mg FeMg "2 Al MgAl - FeAl
+ !,,;xopx(WM2 _ WM2 ) + 1 --OG XM2 (1 X )(1 2Xopx )
2 Ca CaMg CaFe '2~ CaMg Ca - Al - Mg
Thus, we are basically assuming equal site occupancy ratios for Mg-Fe
in orthopyroxenes and the condition
WM2 _W M2 + (1_2Xopx ) [Wopx +t,fiJ (l-X)J '::: 0CaMg CaFe Mg FeMg CaMg Al
in applying equation (11).
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3.4 EXPERIMENTAL TECHNIQUES
Experiments have been performed in a piston cylinder apparatus,
as described in Chapter Two. All runs except T779 (975°C, 10 kb)
used multibore graphite capsules sealed in noble metal outer capsules
(Chapter Two). Run conditions are listed in Ta~e 3.3 and experimental
procedures are those outlined in Chapter Two.
(1) . STARTING MIXES
Two sets of glasses have been prepared from analytical grade
CaO, MgO, A1 203, Si02 and Fe2030r Fe203-Fe reagents. All oxides were
ground thoroughly in an agate mortar under acetone and the powders
then pelletised and fired in air at 900°C to produce oxidised but
anhydrous powders.
(a) High pressure synthesi sed gl asses
Three mixes of constant X~~lk =,50 and varying x~~lk (= 2, 4 and
8) were prepared and run at l450°C and 10 kbar in large diameter
. graphite capsules. Analyses of resultant glasses are presented in
Table 3.2. Pale to medium green quench-free glasses resulted. Raman
spectra of one of these glasses indic~ted the presence of dissolved
CO2, This dissolved CO2 phase has acted as a flux in experiments
where these mixes have been used, resulting in minor or extensive
melting of some charges at l150°C and 1050°C,
(b) . One atmosphere glasses
Th . f . 1 Xbul k - 50 d Xbulk 2 4 d 8ree mlxes 0 nomlna Mg -. an Ca = , ,an
respectively, have been prepared using analytical grade oxides and
additional Femetal. Fe203+ Femetal have been added in these mixes
and the mixes fired in an Argon-atmosphere furnace to produce FeO
stoichiometrically:
Fe203 + Fe = 3Fe °
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In this type of preparation pelletisedoxides plus Fe powder
were loaded into platinum buckets and run in a one atmosphere
furnace at 1300°C, under an Argon atmosphere, for up to two hours.
Green glaises with minor liquidus quartz crystals resulted. These
glasses are es~entially anhydrous and free of dissolved CO2" Runs
performed using these mixes are usually free of melt and of much
finer grainsize than those performed using mixes of type (a).
Analyses of these one-atmosphere glasses are presented in Table 3.2.
Both glass types (a) and (b) were seeded with 7% wt almandine
seeds previously synthesi sed for FMAS experiments (Chapter 2).
These seeded glass mixes were then used in the exnerimental programme
to determineA1 203 contents of orthopyroxene in equilibrium \'/ith
garnet inCFMAS.
Table 3.2 COMPOSITIONS OF GLASS STARTING MIXES USED IN CFMAS
M50C2 M50C4 M50C8 ~~50C2 M50C4 M50C8
1 atm. 1 atm. 1 atm. hi. P hi, P hi> P
Si02 55.64 54.82 53.40 56.60 55.83 53.84
A1 203 11.00 10.44 10.20 10.08 10.24 10,32
FeO 20.02 20.71 21.29 19.85 20.11 20.95·
MgO 12.54 12.62 12.03 12.38 11,97 11. 77
CaO 0.80 1.41 2.80 0.65 1.,27 2,,68
XMq 52.75 52.07 50.19 52.62 51.44 . 50.04
Cal 2.35 4.01 7.73 1.95 3.77 7.56
Ca+Mg+Fe
;A1I 15.46 14.55 14.40 14.48 14.82 14.77
Ml+Fe+Mg
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3.5 RUN PRODUCTS - CFMAS
Analytical data and comments on products from individual runs
are presented in Table 3.3. The analytical data for orthopyroxene
and garnet are averaged values, or selected values based on zoning
directions established in individual grains where relict seeds remain.
Complete experimental data for each run are plotted on A1 203-FeO.·MgO
and Ca-Mg-Fe di agrams pY'esented in Append i x hlo"
Experimental run conditions for the CFMAS experiments are in
the P-T range 17.5 - 10 kbar and 1050°C - 975°(. These conditions
have been chosen under the constraints that:
(a) A1 203 contents in orthopyroxenes in FMAS are sufficiently
high so that any effects of Ca will be detectable and significantly
larger than analytical scatter;
(b) melting is avoided or limited;
(c) graphite capsules could be used, to avoid Fe addition into
.' the charges.
These three constraints effectively rule out low temperature
runs, where high A1 203 contents are possible only at low pressures
where Fe capsules are necessary. Melting~ and the consequent loss of
garnet, has been found to occur in runs at 1150°C and 12,5 kb in these
quartz-bearing compositions, and thus most runs have been performed
below this temperature.
(1) PRODUCTS IN HIGH-PRESSURE GLASS TYPE MIXES
(i.e., CO~- present in initial glasses)
Generally, coarse (20 ~m - 100 ~m) subhedral prismatic ortho-
pyroxene and subhedral to euhedral garnet have been produced in runs
performed with these mixes. Lobate and ovoid quartz often occurs as
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inclusions in strongly poikiloblastic garnets, or as free grains.
In all runs, an Fe- and Ca- rich melt fraction has been produced.
At high temperatures (T74l - 1150°C, 12.5 kbar; and T740 - 1050°C.
12.5 kb) abundant melting has occurred, garnet has been consumed, and
euhedral to subhedral, very coarse (to 200 wm) orthopyroxenes have
resulted. Often, these orthopyroxenes form a cumulate area segregated
from most of the melt. Quench runs, spikes and feathery orthopyro··
xenes have grown on the coarse euhedraland form a spinifex textured
network in some quenched melts (plate 2.2),
In other runs at 1050°C and at 975°C, garnet remains as coarse
grains with orthopyroxene plus quartz in areas with minor melt phase.
These ctystalline areas are often separated from melt areas which in
these runs constitute 10% to 50% of the sample area (Table 3.4).
The presence of abundant melt has important effects on the
experimental results. The melts formed are usually very aluminous
(A/AFM = 0.27); more iron-rich than the garnet; and,significantlyo
highly calcic. The production of such melts and segregation of them
from the crystallising phases, lowers the maximum possible grossul3.r
contents in the garnets at a constant bulk composition. Hence, the
d ' Xga tt' d'ff t Xbulk . f th' t . 1sprea ln Ca con en s ln 1 eren Ca m1xes 0 1S ype lS on y
small (Xt: = .010 to .040), and as a consequence the Ca-dependence
of x~fx is difficult to ascertain from these data alone.
In addition, the production of a significant melt fraction
causes the garnet and orthopyroxene compositions to lie to the Mg-rich
side of
system .
the hypothetical opx-bul ko·garnet tie 1;;1e of a mel t free
Thus K ga-opx cannot be as well constrained in the melt-
DFe -Mg
bearing runs.
Garnets formed in these mixes zone from aimandine seed
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compositions to Mg-, Ca- richer runs, Broad core regions ( ~ 20 pm)
are often surrounded by poikiloblastic rims characterised by ovoid
, l' d h' ,ga d Xga Squartz lnc USlons an a s arp lncrease 1n XCa an Mg' ome
scatter in Xc
ga
occurs within these rim regions (see Appendix Two).
. a
Orthopyroxenesshow zoning to lower A1 203 contents towards the~r
rims, accompanied by a decrease in CaO contents~ Quench rims on
orthopyroxene, and quench grains within melt, are highly aluminous
and often variable in CaO.
(2) PRODUCTS IN l-ATMOSPHERE GLASS MIXES
(i;e., glasses without Co~-)
Apart from runs at l200°C (T820, T821), where up to 20% of
spinifex textured melt fraction occurs, run products from this mix
type are homogeneously textured granoblastic polygonal garnet, ortho-
pyroxene and lobate quartz. Grainsizes in these products are
2··
usually 10 ~m - 20 ~m, much finer than produced from the C03 -bearing
'glasses.
Rel ict almandine cores are common in all rUilS. These ar€ rii1llTled
by more Mg- and Ca- rich rims which are often strongly zoned. Fine
garnets without almandine cores and without apparent chemical zoning
are interstitial to coarser garnet and orthopyroxene.
Orthopyroxenes are usually subhedral to anhedral, and consistently
zone from high A1 203 (and often high CaO) co~es tG lower A1 203 and CaO
rims. Zoning in orthopyroxenes in T779 (la kbar, 975°C) is extreme
and renders this run less reliable than other, more homogeneous, runs
in the formulation of equations governing x~fX in CFMAS.
In the absence of melt, the range in X~: achieved using mixes
. bulk ga
of dlfferent XCa is greatly enhanced (XCa = .030 to .140), and as
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opx . ga-opx
a consequence the effects of Ca on XA1 and KD . can be moreFe"i~g
adequately ascertained. It should still be noted, however, that the
parameters derived from these data will strictly apply only to low-
grossular garnets. Commonly, garnets in both ultramafic and granulite
garnet-orthopyroxene assemblages contain less than 22 mol %grossular.
Thus, despite the limited X~: range of the experimental data, the
derived parameters are applica~e, with very little extrapolation,
to all garnet-orthopyroxene assemblages but may not be applicable
to grossular-rich garnet of corundum eclogit2s, kyanite eclogites
or grosspydites.
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3.6 ANALYSIS OF RESULTS
(1) SOLUBILITY OF A1 203 IN ORTHOPYROXENE COEXISTING WITH
GARNET AND QUARTZ IN CFMAS.
This data has been analysed following equation 3(5) above,
based on a ternary regul ar sol ution model for garnet and ignoring
the effects of calcium in orthopyroxene. In figure 3.2, "i:lG has
been plotted against the parameter XE: {l - (l-XE:)(Mg/r"1g+Fe)}
following equation (5), for 975°C and 1050°C data. Within the error
of measurement, the data can be fitted to parallel lines of constant
slope 3(W ga - Wga + Wga ) Regression fits to the data, honour-CaMg CaFe FeMg'
ing the error bars on all points, yield slopes of 6300± 300, which
yields a value of
wga _ Wga + WgaCaMg CaFe FeMg = 2100 ± 200 ca1s
In this fit to 0 is expressedthe data, i:lG1.T as[ XOpx (1 _ XO x) }0 RT ln Al Al Pi:lV r6Gl ,T = (1 - Xga )3Ca
+ 51 57 (1 - XOPx)(1 _ 2Xopx)(1 ., Xopx)Al Al Mg (1 2)
where ~Vr is the volume change of reaction using partial molar volume
expressions for enstatite and Mg-tschermak in orthopyroxene, and
_ opx .5157 - WFeAl derlved from FMAS data (Chapter 2).
An alternative regression in which ~Vr is modified to lnclude
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xopxAl
.6
.15
--- -t-- - _
.10 - _++ __
- - +- - -17.5
.05
.15
" 10 -- +
.....
.10 .14
1248 t<
.10
XOpxAl
.0
o .05 .10
- -
- -..
15
.14
Fig. 3.1" Alumina contents of experimental orthopyroxenes (X~~x;: Al/2)
plotted against x~: (Ca/Ca.Mg~Fe) of coexisting garnets for
CFMAS data at 1323 oK and 1248 oK. Small numbers refer to
I
pressures in kbar, and dashed lines join isobaric data points.
Symbols: ... 10 • 12.5" • 15 ~ 17.5 kbar.
1800
1500
(cal)
92
1200
.08o .02 .04 .06
XCa (1 - (1- XCa)XMg) gar
'Fig 3.2 Plot of -1:Gi',T against Xca{1-O-Xca)XM9jga, where -.6Gi,T is
defined as in text (equation 3(12)}. Slopes of regression
lines to isothermal data sets give values of a net irlteraction
, t Wga Wga gaparame er, CaMg - CaFe + WFeMg •
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the partial molar volume of pyrope in grossular-pyrope solid solutions"
has been performed to allow comparisons \'!ith a··X data of Haselton
and Newton (1980). As the molar volume curves on the Py-Gr and the
Alm-Gr joins are similar (Cressey et al.~ 1978), this correction
should be applicable to the garnets produced her20 Using the volume
relation ofHaselton and Newton (1980) for py-gr gwnets:
.765 .512 X~~ (2-X py ) = 5.036
2
(.083 - Z + ZX ) exp {~}py 2
3in cm , where Z c (X py - .940)/.083.
(1 3 )
For appl ication to this CF[~AS data, we replace Xpy by (l.XCa)ga
and convert the volume change to cals kbar-l (cm3 x 23.90057).
Inclusion of this volume term produces 6Vr = Vpy ... YEn - VMgTs
such that 6V r = function (Xt:' X~fx). Recalculated values of
~6G~,T with this term are plotted against the X~: parameter in figure
3.3. The regressed slopes for this recalculated data are
-7600 ± 300, giving a val ue of
Wga - Wga + wga = 2530 ± 200 cal sCaMg CaFe FeMg
Considering the magnitude of this volume correction on the
eventual estimate of (WCaMg - WCaFe + ~IFe Mg)ga, the expression for
6Vr excluding the correction of Vpyrope~ and the resultant interaction
parameter coefficient of 2100 cals will be used in the subsequent
development of this geobarometer. The value of 2530 cals for
(WCaMg - WCaFe + WFe Mg) may more c10sely approximate the true value
of this parameter, and is thus considered to be useful as an input
into other reaction equilibria. With the assumption that ~ga ~ 0;
, FeMg
1800
i600
1400
(cols)
1200
1000
o .02
• 1248 K
• 1323 K
.04 .06
{ }
garnetXCa 1-(1-XcJ(Mg/Mg+Fe)
.08
94
oFig 3.3 As for figure 3.2 except that the -~Gl.T term has been
adjusted with the partial molar volume terms of Haselton
and Newton (1980).
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(Wt:M9 - Wt:Fe) r::: 2500 ± 200, which is in excellent agreement with
the data ~f 0lNei11 and Wood (1979), Jenkins and Newton (1979) and
Dah1 (1980); and in good agreement with the value of Gangu'y (1979),
Comparison of the best-fit lines to the CFMAS data at l050°C
and 957°C indicates an entropy change of the reaction of about
-3.7 ±1.6 ca1s K-l mol-l . As a result of the large errors on the
data (±lOO cal at least) in relation to the small temperature iilterval,
a more precise ~S value cannot be obtained. The ~S value obtained
from FMAS experimental data, -2.93 ± .30 cals :C1 mol-l , is in agree-
ment with the crude estimate obtainable from the CFMAS data, and
thus the agreement between the two data sets is quite good"
In order to develop a geobarometer applicable to garnet-ortho-
pyroxene ± quartz parageneses in the system CaO-MgO-FeO-A1 203-Si02,
the term
-3 Xga {l - (l-Xga)(Mg/Mg+Fe)ga} (W ga ··wga . +wga )Ca Ca CaMg CaFe FeMg
= -6300 (± 300) x [X~: (1-(1-X~:)(M9/Mg+Fe)ga)J
is added to the numerator in the FMAS equation (9), where
~S = -2.93 ± .30 cals K··l Mo1-1
~H -5650 ± 250 -1= ca1s mol
Wopx 5157 -1= ± 200 cal s molFeA1
Thus:
" - 6 ~ r { (R 1n K3 - 2.93)T + 5.55.0
+ 5157 (1_Xopx)(1_2Xopx)(1_Xopx)A1 Al Mg
_ 6300 xga (1 _ (l-Xga )( Mg )9a )}Ca Ca Mg+Fe (1 5)
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where
K = from 3(5) ;
- t:,V = 183.3 + 178.98 Xopx (1 .. Xopx ) .
r Al· Al·'
= (Ca/Ca + Mg + Fe)go; X~~x = (Mg/Mg+Fe)oPx
XAfx = Al/2 in low-Cr, Fe3+ orthopyroxene
and T is in degrees Kelvin.
Major limitations to equation (15) above will arise in the follow-
ing circumstances:
(a) where Fe 3+ contents are high in the orthopYY'oxenes" XAl will
no longer be Al/2 as an (Fe3+Al) mo'iecule occurs (Arima, 1978). In
. 3+
these cases, the Fe Al (ferritschermaks) molecule may be extracted
first and then M2+Al (tschermaks) molecule calculated for use in (15):
As equation (15) is written, this calculation will result in an
increase in P estimate, by reducing the numerator in the In K term.
The occupancy of the Al-site in the garnet by Fe3+ must also be consid-
ered. Using equation 2.9, the K expression may now be writt~n as
K =
where X~~3+ = (Fe3+/Fe3+ + Al )ga. With this expression, t:1e denomin-
ator is also reduced and hence estimated pressure will be 'iowered and
similar, in many cases where Fe3+ is only moderate (X~:3+ < .05), to
P(15). At higher Fe3+ contents, other reciprocal and non-ideal on-site
mixing terms may arise in the garnet. These terms are, as yet, not
constrained by any experimental data.
( b) 3+ .Where Cr contents of garnets and orthopyroxenes are
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significant, as is the situation in many garnet peridotite inclusions
in Kimberlite, the (Cr3+Al) molecule in orthopyroxene may need to be
accounted for in a similar way to the (Fe3+Al) moleculeo Garnets with
appreciable Cr3+ contents must be modelled using more complex multi-
site mixing solutions involving reciprocal terms and both Mg3cr~+ and
ca3cr~+ end members (eog., Wood and Nicholl s, 19(8) _ Experimental
work being undertaken by colleagues at this institution will hopefully
ena~e the extension of garnet-orthopy;oxene barometry/thermometry
to the Cr3+-bearing systems.
(c) Equation (15) does not include terms for Mn 2+ in garneto
In many natural systems Mn 2+ is low, however in some granulite facies
parageneses X~~ ( = Mn/Mn + Ca + Fe + Mg) ranges up to .10 or in rare
cases to .20. From natural rock data Ganguly and Kennedy (1974) and
Dahl (1980) have determined int~raction parameters W~~Mn and Wf:Mn
which are similar to the MgCa and FeCa paY-ameters obtained in these
rocks and from experimental work. Adjustment of equation (15) for
cases where xlga is high, while xOMPxS' 0 is still ~ow so that ortho-
'In n2 '2 6
pyroxene non-idealities can be ignored, can be accomplished by replac-
ing the term
by (1 _ y) 3
where y = (Ca + Mn/Ca + Mn + Mg + FeL aild also using the parameter 'Y'
in the garnet interaction term. This adjustment tacitly assumes that
the behaviour of Mn and Ca in Pyrope-Almandine rich garnets Qre identi-
cal in theP-T conditions for which (15) is applicable. Experimental
data in the system MnFMAS are necessary tu allow better estimation
of t hi s effect.
(2) EFFECT OF Xga on K ga-opxCa 0Fe-Mg
AT Xopx _.Mg .60.
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Koga-opx data derived from the CFMAS experiments are inherently
Fe-Mg
more rel iabl e than FMAS data because of the avoidance of Fe-addi tion.
In runs where no melting has occurred) KO is constrained by the ga-opx
tie line passing through the bulk composition. Where melt has formed
this is no longer the case and K ga-opx must be considered less relia~e
°Fe-Mg
in such runs. The effects of X~: on ln KO at different pressures
are shown in figure 3.4 for temperatures of 1323°K and l248°K.
ga -opxLn KO' and naturally KO ' increase~ at anyone temperature
Fe-Mg
with increasing pressure and increasing X~:. for approximately constant
Xopx
Mg
In order to extract the calcium effect on Koga-opx from pressure
Fe-Mg opx d opx
effects and minor effects resulting from variations in XAl an XMg '
the experimental data have been analysed using equation 3(1-:) and
plotting the term
RT ln KO + P6Vo - 2579 Xopx + 600 (1_2Xopx \A1 I-Ig )
against Xt: (Figure 3.5). From equation 3(11), the slopes of the
regression lines of figure 3.5 will approximate the net interaction
. gaparameter W ,where
= ( ga gaWFeMg + WCaFe ga )WCaMg .
The effects of Ca in orthopyroxene are not considered in this
treatment,however as X~~x increases with Xt: in these runs such effects
will not be detectable. The magnitude of the errors in KO and hence
*6Gl ,T effectively blanket the orthopyroxene terms, and simple linear
regressions of the data against Xt: sUfficiently describe the variations
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Fig. 3.4 Plots of experimentally determined values 8f Kga-opx
ga .. 0 Fe-Mgagainst XCat for temperatures of 1323 K .
and 1248 oK. Dashed lines join isobaric data sets in
each plot. Pressures are indicated on these lines.
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experimental Ko data at 1323 oK a;"ld 1248 oK,
W~:M9) using volume-adjusted
W~:M9 ~ 80 ± 400 cal s).
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At l248°K, the best fit regression line honouring the error
brackets gives a slope of
(W~:M9 + Wt: Fe - Wf:M9) = - 2450 ± 600 ca'l ,i n good agreement with
the val ue of 2530 ± 200 cal s previously obtained for (W ga - Wga +
'CaMg CaFe
Xopx data, if Wga ~ 0 (actuallyAl FeMg
Data obtained at 1323°K showed marked scatter. However. if the
melt-absent 15 kbar run only is considered" this data can be fitted
*to a regression 1ine of slope - 2450 ± 600 cal s, a.t lower 6Gl ,T
o
values than the l248°K data. 6S1,T obtained from comparison of the
two temperature-translated regression lii'les is 2.5 ±.9 cals K-1
mol- l , in agreement with the 6S~,T values obtained from adjusted and
selected FMAS experimental data.
o ,·1At l248°K, using the value of !'IS1 ,T - - 2.5 cal K and the
* -1 0val ue of -6GT = 915 mol ,- 4000 ± 1000 cal s is obtained for !'IHl ,1"
This is in good agreement with !'IH~ ,T values derived from FMAS data,
but is also subject to large uncerta~nty.
( ga -opxTo adjust the approximate and highly uncertain) KO
Fe-Mg
"thermometer" of the FMAS system for the effects of calcium, the
term
2450 ( ± 600) [X~: J
is simply added to the numerator in equation 2(10) to obtain
T oK = 4000 + 2576 Xopx - 600 (Xga - Xopx ) + 2450 Xga + 22.865P(kbar)Al Mg Mg Ca
= (MFeg) gawhere KO
R 1n KO + 2.42
( M9) opxFe ~
(16)
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Fig. 3.6 a. Estimated pressures (Pest)' obtained using equation 3(15)
, plotted against experimental run pressures (P t) forexp
CFMAS data. Diagonal line represents a perfect fit. Each
data point has an error of ±1 kbar;
b. Estimated temperatures (Test)' obtained using equation
3(16), plotted against experimental temperatures (T t)exp
for Ku data obtained in CFMAS,
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As discussed in the previous section (po 97 ), the effects of
X~~ are likely to be similar to those of Xt:, that is, increasing
Kga-opx opxMn contents will lead to higher 0 at cunstant p, T and XMFe-Mg 'g
Dahl (1980) has considered garnet-orthopyroxene pairs in ~atural rocks
from Montana and has deduced such a dependence for K ga-opx
DFe -Mg
of the term (W~~Fe - W~~M9) is similar to the calcium term
(W~:Fe ~ W~:M9)' although subject to large uncertainty.
The size
As the geothermometer developed here is subject to large uncert-
ainty arising from the experimental data and inadequate knowledge of
orthopyroxene solid solution properties, Mn may be treated as identical
to Ca in equation (16), so that XCa = Ca/Ca + Mg + Fe becomes
x = Ca + Mn/Ca + Mn + Mg + Fe,
without introducing significantly more error.
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4.1 INTRODUCTION
Equations derived from the expe~imental data of Chapter 2 and
Chapter 3 (equations 2.9 and 3J.9are in a form which can be readily
applied to the experimental data of other workers in simple systems.
In this section, these equations are used to produce calculated
pressures from other workers' experimental data in MAS, CMAS and
CFMAS. These calculated pressures are compared with the nominal
run pressures of the appropriate experiments in order to judge the
val idity, or otherwise, of equation 2.9 and 315
In MgO-Al z03-SiOZ' equation 2. simplifies to:
P(kbar) = 6~ ((R ln K - 2,93)T + 5650J
. r .
where K = (X A1 )(1-XA1 )opx.
6Vr = 183.3 + 178.98 XA1 (1-XA1 )
and T is in 0 Kelvin.
... 4.1
Experimental data obtained in MAS, presented in the following
section, are treated using equation 4.1 and compared through this
equation with the FMAS experimental data. It should be made clear
that equation 4.1, and equation 4.2 derived later, are obtained from
the FMAS and CFMAS experimental results only. Hence, new MAS experi-
ments reported below and the data of earlier workers in MAS" FMAS, CMAS
and CFMAS form an independent data set. These experiments constitute
one test of the compositional factors i1 the extrapolation of FMAS and
CFMAS data in that they prOVide independent data ft'om 1imiti ng end,..
member systems (MAS, CMAS).
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4.2 NEW EXPERIMENTS IN MgO-A1203-SiOZ
A series of experiments in the MgO-A1 Z03"Si02 system have been
performed in the P-T range 15-40 kbar and 900-1200oC~ with the purpose
of direct comparison of results obtained in the high pressure
laboratory at the University of Tasmania with those obtained elsewhere.
Two starting mixes have been used for these experiment~.
(a) pyrope-seeded sintered oxide mixes prepared from analytical
grade MgO, A1 203 and Si02. The reagents were ground under acetone to
achieve homogenei ty and sintered using the pr 0ced,ures ou t 1i ned i ()
Chapter 2, section 3 Pyrope seeds, synthesised at 12000 C and 30 kbar,
were then added to the recrystallised oxide mix. This starting compo-
sition represents an initially oversaturated mix, where a lower A1 203
orthopyroxene must exsolve contemporaneously with the nucleation and
growth of pyrope or pre~existing seeds.
(b) Pyrope-enstatite mineral mixes prepared by prolonged mixing and
grinding of previously synthesised pyrope and enstctite (see section
2.3 for synthesis details), This mIx type repres211ts an initially
undersaturated medium, in which a h~gher-A1203 orthcpyrox2ne must form
by the consumption of pyrope.
Mos t runs have been performed us i ng mi x t,ype (Cl) wherei n product
enstatites zone to 10wer-A1 203 rims These rim compositions, and rim
compositions of enstatites formed ft'om mix type (I)) at 40 kbar, 12000C,
are reported in table 4.1.
Zoning of A1 203 contents in the enstatites is ubiquitous even in
these runs of comparatively long duration (48 hours at 11000 C, 46 hours
at 9000 C). Such zoning cautions against the use of Xray-diffraction
methods to estimate "equilibrium" compo~:itions, Microprobe analysis
must also be undertaken with great care to ensure that the position of
any analysed point in a grain is known. The combined SEM-EDAX system
Table 4.1 EXPERIMENTAL DATA IN THE SYSTEM MgO-A1 203-Si02 (MAS)
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RUN NO. T P TIME CAPSULE MIX TYPE Xopx PAl est
o K kbar hour c kbar
T312 t
T317 t . 1473 20 48 Pt M4SAIQS45 sint- .190 19.6
T511. ered o;~ide
T372 1423 20 48 Pt M4SA10S45 sint- .190 18 .. 0
ered o;dde +- 5%
pyrope
T395 1373 20 49 Pt M45A10S45 sint- .160 18.5
ered oxi'de -I- 10%
pyrope
T426 1373 25 48 A950Pd50 11 11 .112 23.2
T547 1373 40 84 A9 50 Pd 50 11 11 .030 42.5
T428 1273 16 68 Pt M45AlOS45 sint- .164 14.9
ered oxide T 7%
pyrope I I
T403 1273 25 48 Pt 11 " .112 19.5
T402 1273 30 48 Pt I1 11 ,060 27,7
T512 1173 15 122 Ag 75 Pd 25 Py-En mi;,eral .150 12,5
mix
T520 1173 25 120 Ag 75 Pd 25 M45AlQS45 si nt·, .060 23.2
ered oxide + 7%
pyrope
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at the University of Tasmania allows accurate assessment of the
positions of analysed points by direct observation of the secondary
electrom image. Grain boundaries can be readily located and rims
analysed without contam"ination arising from the presence of other
phases.
The experimentally determined A1 203 contents of prod~ct
enstatites, selected on the basis of obse~ved and predicted zoning
patterns, have been treated using equation 4.1. Estimated and nominal
run pressures for these data are presented in figure 4.1. Genera1ly,
the fit of equation 4.1 to this data set's quite good (± 2.5 kb).
Lower pressure runs, in which seeded oxide mixes were used, plot below
the perfect fit line. This indicates that the minimum A1 203 contents
determined in these runs are slightly greater than would be expected
by extrapol ation from FMAS data, although app:oachi ng lIequil ibri um ll
values closely.
The unreversed data obtained from this set of experiments is thus
in reasonable agreement with both the recent revefsal data obtained
on a variety of materials in MgO-A1 203-Si02 (see below), and the FMAS
results obtained in this study (Chapter 2)_
108
4.3 COMPARISONS WITH PREVIOUS EXPERIMENTAL WORK IN MgO-A1203-Si02
Boyd and England (1964) experimentally determined the A1 203
contents of orthopyroxenes coexisting with pyrope in the system
MgO-A1 203-Si02, These authors found the alumina contents of enstatite
to increase with increasing temperature and decreasing pressure, a
result confirmed in a general sense in all subseqLlent 2xperimental work.
In the P-T ranges 20-50 kbar and 1100·.16000C, "equilibrium"
alumina contents were determined using a variety of mix types:
(a) aluminous glass mixes,
(b) . enstatite-pyrope synthetic mineral mixes, and
(c) highly aluminous single-phase orthopyroxene mixes.
These mix types effectively approach equil ibrium A1 203 contents from
both high- and 10w-A1 203 sides. It was found that glass mixes initially
formed homogeneous pyroxenes and then pyrope exsolved slowly, with a
resultant decrease in A1 203 contents in orthopyroxene. Mineral mix
starting compositions were stated to react quickly, at high tempeiatures,
to form aluminous orthopyroxenes. Thus~ Boyd and England (1964)
inferred that sluggish nucleation of pyY'ope from glass starting mixes
resulted in A1 203 contents in enstatite which were higher than equil-
ibrium values, while mineral mix results were closer to equilibrium
A1 203 contents.
Comparison of the Boyd and England (1964) data with subsequent
investigations (Macgregor, 1974; Howells and O'hara, 1978; Lane and
Ganguly, 1980) indicates that the equilibrium A1 203 contents of
enstatite reported by Boyd and England (1964) are too high for any
chosen P-T condition. This discrepancy may result from the uncertain-
ties associated with analytical techniques used by Boyd and England
(1964). Xray determinations, and partial probe analyses of product
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enstatites can indicate illusory high A1 203 contents because
rimward zoning is not adequately considered. It has been shown in
more recent investigations that orthopyroxenes formed in the
enstatite-pyrope system are strongly zoned evei1 at high temperatures
(e.g. Howells and O'Hara, 1978; Lane and Ganguly, 1980), and that
rim compositions must be used in products formed from both glass
and mineral mix starting materials.
Estimated pressures using equation 4.1 are plotted against
nominal experimental pressures for the datCl of 80yd and England (1964)
in figure 4.1. These data give calculated pressures consistently below
their run pressures by 5-7.5 kbar, except for some runs at 11000 C
which show a 2-3 kbar difference. The A1 203 contents reported by
Boyd and England (1964) are thus consistently higher than predicted
by extrapolation of FMAS data (Chapter 2) to the MAS system.
Macgregor (1974) performed experiments in the MgO-A1 203-Si02
system in which A1 203 contents of enstatite coexisting with pyrope were
determined in the P-T field 25-40 kbar and 1000-14000C. Aluminous
glasses seeded with pyrope were used exclusively in this study, thus
equilibrium A1 203 contents in most runs were approached from the
high-A1 203 side. Run times varied from 75 hours (at 1000oC) to only
6 hours (at 1400oC). Considering the nature of these experiments, it
may be expected that A1 203 contents reported in product orthopyroxenes
will be higher than lI equ ilibrium" values attained for longer run
durations.
These experimental data have formed the basis of the geobarometer
of Wood and Banno (1973), and part of the data base for the calibration
of Wood (1974). The nominal run pressures can be compared with estimated
pressures using the data of Macgregor (1974) and equation 401 of this
study (figure 4.2). The agreement between the pressures estimated
50'"
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• Danckwerth & Newton 1978
Fig 4.1 Comparison of nominal experimental pressures in the MAS
system with pressures estimated via equation 4(1) using
published compositional data and data in this work.
Error bars in bottom right corner of diagram.
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using equation 4.1, derived from an independent data base, and the
nominal run pressures of Macgregor (1974) is very good. Data at
35 kbar show the most scatter about the perfect cOrY'elation 1ine,
with other data being within ±1 kbar of the nominal rin pressures.
Given the standard error on equation 4.1 (±1 kbar), and the precision
of the pressure calibration for the piston-cylinder apparatus
(±.5 to 1 kbar) , the data of Macgregor (1974) show an excellent fit
to 4.1.
Arima and Onuma (1977) have estimated A1 203 contents of
enstatite coexisting with pyrope at 20 and 25 kbar in the temperature
range 1150-14500 C. The A1 203 contents of orthopyroxene in this study
were estimated by Xray diffraction measurements and the appearance of
pyrope in mixes of critical alumina contents. Redlction of the
data of Arima and Onuma (1977) using equation 4 .. 1 yields good agreement
between estimated and nominal run pressures for their 25 kbar data.
Estimated pressures for the 20 kbar data (derived from figure 3c, 1977)
are 22.5 kbar, suggesting that the A1 203 contents determined by Arima
and Onuma (1977) are lower at 20 kbar than would be predicted from my
FMAS data. However, the En/En+Py curve of Ar1ma and Onuma (1977)
(depicted in their figure 3c) is poorly constrained, particularly at
12000 C. Thus this 20 kbar data is subject to large uncertainty. In.
view of this the discrepancy of 2.5 kbar is considered reasonable
agreement.
Howells and OIHara (1978) have determined A1 203 contents of
orthopyroxenes in equi 1i bri um with p,yrope at 30 kbar and temperatures
in the range 1100-16000 C. By conparison of run products obtained in
a variety of starting materials (e.g. sintered oxide mixes, gels,
synthetic mineral mixes, and glass mixes), these workers have concluded
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that gels or recrystallised sintered oxide mixes are better starting
materials, yielding lower A1 203 contents in enstatites, tha~ unseeded
glass starting materials.
In the temperature range 1200-15000 C, the agreement between
equation 4.1 and the data of Howells and O'Hara (1978) is excellent
(figure 4.2). Only two data points (13730 K, 18730 K; figure 4.2) are
in poor agreement, and may indicate a temperature-dependent discrep-
ancy between equation 4.1 and the 30 kbar data set of Howells and
0 1 Hara (1978). The lowest temperature o:thopyroxenes have :li gher
A1 203 contents than predicted by equation 4.1 while the highest
temperature orthopyroxenes have lower than predicted A1 203 contents.
These discrepancies may suggest a smalle~ negative 6So value for the
garnet-orthopyroxene A1 203 equilibrium in MAS than obtained on the
basis of FMAS experiments outlined in Chapter 2.
Three experimental points from the data of Danckwerth and Newton
(1978) are plotted in figure 4.1. Estimated pressures ~sing these
data and equation 4.1 are in excellent agreement with the nominal
pressures reported by Danckwerth and Newton (1978~. The A1 203 contents
given by these authors are best-fit or' overlap values obtained from
reversal experiments using both high-A1 203 enstatite-bearing, and low-
A1 203 enstatite-bearing mineral mixes. The authors noted complex
zoning within individual grains in each mix type, and were able to
show overlapping or similar A1 203 contents in rims of orthopyroxenes
grown from each mix type.
In the most recent epxerimental study within the MgO-A1 203-Si02
system, Lane and Ganguly (1980) have determined A1 203 contents of
orthopyroxenes coexisting with pyrope 1n the P-T ~ange 26-40 kbar and
960-13300 C. Equilibrium A1 203 contents were approached from both the
high-alumina and low-alumina sides using synthetic mineral mixes
40
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Fig 4.2 Comparison of nominal experimental pressures in MAS
with pressures estimated using equation 4(1) and
published compositional data. Error bars in bottom
right corner.
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(aluminous enstatite + pyrope, and pure enstatite plus pyrope
respectively). The data reported by Lane and Ganguly (1980) are
bas~d on overlap values of A1 203 in orthopyroxenes grown from both mix
types, and constitute good reversal s. Reduction of thi s reversal
data using equation 4.1 results in estimated pressures which are in
good agreement (±1.5 kbar) with the nominal run pressures reported by
Lane and Ganguly (1980).
Figures 4.1 and 4.2 generally indicate very good agreement
between pressures calculated using equation 4.1 and nominal run
pressures for most recent experimental data in the MgO-A1203~Si02
system. The data of Boyd and England (1964) are shown to be inconsis-
tent with subsequent experimental work, erring in the direction of
high A1 203 contents at any given P-T sondition. The later results
(post-1974) are in very good agreement with the FMAS data obtained in
this study (Chapter 2). In particular, a number of well-reversed·
experimental data points in MAS are consistent with equation 4.1 .
. Thus, the separate data base of MAS experimental work provides support
for the FMAS experimental results reported herein (Chapter 2).
Equations formulated on the basis of FMAS expe~iments reported in
Chapter 3 can be extrapolated to the MAS system with confidence and
without significant disagreement arising with existing MAS data.
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4.4 COMPARISONS WITH PREVIOUS INVESTIGATIONS IN FMAS
Wood (1974) performed experiments in the FeO··MgO-A1 203-Si02
system in which alumina contents of orthopyroxenei coexisting with
garnet were determined by microprobe analysis, Starting mixes used
in the study were aluminous glasses seeded with aluminous ortho-
pyroxene and natural pyrope-almandine garnet. In such mixes. ortho-
pyroxenes approach equilibrium A1 203 contents from an overs~turated
direction. and it would be expected that the A1 203 contents reported
may be higher than reversed values.
The data of Wood (1974) in the range 800-1300oC and 8-30 kbar
are plotted in figure 4.3. Calculated pressu~esj obtained from the
application of equation 2.9. to the data of Wood (1974). are consis-
tently higher (by 1 to 10 kbar) than the nominal run pressures. The
average discrepancy between the data presented herein and the data of
Wood (1974) is 4 kbar, much greater than would be expected to result
from differences in apparatus calibration. The present experiments
indicate that, at any chosen P-T condition. orthopyroxenes coexisting
with garnet in FMAS will contain more alumina than predicted from the
data of Wood (1974).
Wood (1974) also performed a number of experiments in CaO-MgO-
FeO-A1 203-Si0 2. Calculated pressures using equation 3.15 are usually
5 kbar greater than nominal run pressures for this data. Thus~
pressures calculated based on the calibration of Wood (1974) for both
Ca-poor and Ca-richer orthopyroxene~garnet assemblages will be too low
compared with results obtained using equations 2.9 and 3.15.
Recent experimental work in MAS (Lane and Ganguly> 1980; Howells and
O'Hara, 1978) and CMAS (Howells andO'Hara, 1978a). and data obtained
from some natural assemblages (O'Hara and Yarwood, 1978) also suggest
that the equation of Wood (1974) underestimates pressures of formation.
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Fig 4.3 Comparison of the experimental data of Wood (1974) with
equation 3(151 derived in this study. Data of Wood (1974)
generally indicates less Al in orthopyroxene at any P
and T than suggested by equation 3(15}.
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This is particularly apparent in pressures calculated for some Fe··
and Ca-rich granulite facies parageneses, where application of the
barometer of Wood (1974) sometimes yields negative pressures.
4.5 COMPARISONS WITH PREVIOUS INVESTIGA1IONS IN CaO-MgO-A'203-Si02
(CMAS) AND CaO-MgO··FeO-A1203-Si02 (CFMAS)
Previous experimental data obtained for +'he solubility of
alumina in orthopyroxene coexisting with gaY'net ~n CMAS and CFf'iIAS
can be compared wi th the present resul ts us i ng equati on 3.15 to
estimate pressures for the run products given i~ these studies.
In CMAS, equation 3.15reduces to the relation:
where K =
P = 6~r ((R lnK - 2.93)T + 5650 - 6300(X~:)2Jkbar
Xo px (l_Xopx)
Al Al
(l_Xga )3
Ca
Xopx
= Al/2Al
xga
= Ca/Ca+Mg+FeCa
and 6Vr 183.2 + 178.98 X~~x(l .. X~~X) cals kbar-1=
.... 4.2
Pressures have been estimated for various CMAS data sets using
equation 4.2 and for CFMAS experimental data sets using equation 315.
These calculated pressures are plotted against nominal run pressures
reported by previous workers in figures 4 .. 4, 4.5 and 4.6.
Akella (1973), Akella and Boyd (1974) and Akeila (1976) have
determined A1 203 contents of orthopyroxenes equilibrated with garnet
and clinopyroxene in CMAS and CFMAS in the range 26-44 kcai and
1000-15000 C. Starting compositions used in CMAS experiments included
glass mixes, recycled lower pressure opx-cpx-garnet assemblages, and
low A1 203-pyroxene+garnet mineral mixes. In the CFMAS system two
mineral mixes of
Calculated
.. bulk
varlable XMg were used.
pressures for all th~s exper~mental da ta a"'e well
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below the nominal run pressures, by up to 15 kbar (figure 4,4).
In CMAS experiments, where glass mixes were most often those
used, calculated pressures are usually 5-10 kbar below nominal run
pressures, suggesting that the A1 203 contents .1n orthopyroxene which
are reported in these experiments are consistently too high at any
chosen P-T condition, a conclusion also reached by Howells and Q'Hara
(1978) .
The CFMAS data of Akella (1976) and Akella and Boyd (1974)
show convergence between calculated and nominal pressures at 30 kbar,
but large deviations at higher pressures. Again, accepting equation 3.1~,
equilibrium A1 203 contents in orthopyroxenes coexisting with ga~net are
lower than those obtained in the experiments of Akella (1976) and
Akella and Boyd (1974). This discrepancy may well result from the
short run durations (30 hours at 1000oC) used by these worke~s; or
failure to analyse rim compositions.
Data obtained by Hensen (1974) for orthopyroxenes in CFMAS
are plotted in figure 4.4. Calculated pressures are in good agreement
with nominal run pressures for three of the four data points. Hensen
(1974) reported widespread zoning and scatter in compositions of
pyroxenes and garnets in these experiments, but could estimate
preferred A1 203 contents based on the established direction of reaction
from natural mineral seeds to final product rims. The long durations
of the runs (2-3 weeks at 1100oC) give some confidence that
lIequilibrium'l compositions may have been closely approached at least
on grain boundaries.
The reasonable agreement of these long-duration experiments
with the equations derived herein provides some support for the
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Fig. 4.4 Comparison of experimental pressures in CMAS and CFMAS
systems witrr pressures estimated via application of
equation 3(15] to published compositional data of
previous workers.
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application of equation 3.15to ultramafic compositions.
Howells and OIHara (1978 ) have performed experiments in
CMAS over the range 25-35 kbar and 1100-1600oC,in which A1 203
contents of orthopyroxene coexisting with garnet and clinopyroxene
have been determined. Data obtained by these workers using longer
run times and a variety of starting mixes des·igned to approach
equilibrium from different directions are in very good agreement with
the present results extrap01ated to CMAS. Pressures calculated by
the application of equation 4.2 to the data of Howells and O'Hara
(1978a) are within ±2.5 kbar of their nominal run pressures at 30
and 35 kbar (figure 4.5a).
The present work supports lower A1 203 in orthopyroxene coexisting
with garnet and clinopyroxene than found by Akella (1976) b~t similar
A'203 contents to those determined by Howells and O'Hara (1978) in
CMAS.
Perkins and Newton (1981) have recently determined A1 203 contents
.of orthopyroxene coexisting with garnet and clinopyroxene in CMAS in
the P-T range 15-40 kbar and 900-11000C. All these A1 203 contents have
been determined from reversed data using two contrasting mineral mix
starting materials. The agreement between these well-reversed data
and equation 4.2 is extremely good (figure 4.5b). Calculated pressures
are all within 2.5 kbar of nominal run pressures over the whole P··T
range. When the analytical error bars given by Perkins and Newton
(1981) are included, this independent data set is in perfect agreement
with equation 4.2 extrapolated from FMAS and CFMAS data obtained herein
(Chapter 2 and Chapter 3).
Mori and Green (1978) have determined A1 203 contents of ortho-
pyroxenes crystallised with garnet, clinopyroxene, olivine. and
additional ilmenite and phlogopite in a pyrolite-40% olivine multi-
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p l o t t i n g b e l o w t h e b e s t - f i t l i n e . M o s t o f t h i s d a t a , a n d t h e d a t a
o b t a i n e d a t 4 0 k b a r , w o u l d i n d i c a t e g r e a t e r a l u m i n a c o n t e n t s i n m u l t i -
c o m p o n e n t o r t h o p y r o x e n e c o e x i s t i n g w i t h e r - b e a r i n g g a r n e t s t h a n w o u l d
b e p r e d i c t e d f r o m e q u a t i o n 3 . 1 5 .
G i v e n t h e l a r g e s c a t t e r i n c a l c u l a t e d p r e s s u r e s w h i c h r e s u l t s
m a i n l y f r o m o r i g i n a l n o n - s y s t e m a t i c s c a t t e r i n t h e d a t a o f M o r i a n d
G r e e n ( 1 9 7 8 ) , i t i s d i f f i c u l t t o e v a l u a t e t h e f i t o f e q u a t i o n 3 . 1 5 t o
t h i s " n a t u r a l r o c k " e x p e r i m e n t a l d a t a .
S u m m a r y
E q u a t i o n s b a s e d o n e x p e r i m e n t a l s t u d i e s p r e s e n t e d i n C h a p t e r 2
a n d C h a p t e r 3 a r e i n e x c e l l e n t a g r e e m e n t w i t h t h e m o s t r e c e n t C M A S
e x p e r i m e n t a l d a t a ( P e r k i n s a n d N e w t o n , 1 9 8 1 ; H o w e l l s a n d O ' H a r a , 1 9 7 8 ) .
T h i s r e s u l t p r o v i d e s s u p p o r t f o r t h e a p p l i c a t i o n o f e q u a t i o n s 2.~ ~nd
3 1 5 t o r o c k c o m p o s i t i o n s w h i c h a p p r o a c h t h e C M A S s i m p l e s y s t e m .
P r e v i o u s e x p e r i m e n t a l d a t a i n t h e C F M A S s y s t e m s h o w a w i d e a n d o f t e n
n o n - s y s t e m a t i c s c a t t e r o f r e s u l t s w h i c h a r e a m b i g u o u s i n t e s t i n g
t h e a p p l i c a b i l i t y o f e q u a t i o n 3 . 1 5 t o " n a t u r a l r o c k " p e r i d o t i t e
c o m p o s i t i o n s .
1 2 3
4 0
M o r i n a t u r a l r o c k
L l > O
+ e r r o r
1 ' 6 2 3 . •
. 1 2 9 3 ° K
I
3 0
P
e x p t
.
C l 1 7 2 2 ' K
1 3 2 3 ( ; I
2 0
3 0
P e s t .
F i g . 4 . 6 C o m p a r i s o n o f r u n p r e s s u r e s o f M o r i a n d G r e e n ( 1 9 7 8 )
w i t h p r e s s u r e s c a l c u l a t e d v i a e q u a t i o n 3 ( 1 5 ) u s i n g
t h e i r c o m p o s i t i o n a l d a t a ,
x~~x i s n o t c o r r e c t e d f o r t h e p r e s e n c e o f v a r i a b l e
C r c o n t e n t s .
12 4
I n s u b s e q u e n t s e c t i o n s o f t h i s c h a p t e r , t h e b a r o m e t r y a n d t h e r m o -
m e t r y e q u a t i o n s d e r i v e d i n C h a p t e r 3 ( 3 J 5 a n d 3 . 1 6 a r e a p p l i e d t o
n a t u r a l g a r n e t - o r t h o p y r o x e n e p a r a g e n e s e s f r o m w e l l - d o c u m e n t e d
o c c u r r e n c e s i n c l u d i n g k i m b e r l i t e x e n o l i t h s , g a r n e t - p e r i d o t i t e a n d
o r t h o p y r o x e n e - e c l o g i t e b o d i e s , a n d c r u s t a l g r a n u l i t e s . S u c h n a t r u a l
o c c u r r e n c e s p r o v i d e a t e s t o f t h e p r e c i s i o n a n d c o n s i s t e n c y o f t h e
g a r n e t - o r t h o p y r o x e n e b a r o m e t r y d e v e l o p e d i n C h a p t e r 2 a n d C h a p t e r 3 .
4 . 6 A P P L I C A T I O N S O F G A R N E T - O R T H O P Y R O X E N E B A R O M E T R Y T O N A T U R A L
A S S E M B L A G E S
I . G A R N E T - P E R I D O T I T E A N D G A R N E T - P Y R O X E N I T E X E N O L I T H S I N K I M B E R L I T I C
A N D B A S A L T I C D I A T R E M E S
T h e e s t i m a t i o n o f t h e p h y s i c a l c o n d i t i o n s o f f o r m a t i o n ( P - T )
o f g a r n e t - p e r i d o t i t e x e n o l i t h s i n k i m b e r l i t e s w a s p i o n e e r e d b y
B o y d ( 1 9 7 3 ) . O n t h e b a s i s o f g e o t h e r m o m e t r y a n d b a r o m e t r y t e c h n i q u e s
a v a i l a b l e a t t h e t i m e , B o y d ( 1 9 7 3 ) c o n s t r u c t e d a ' I p a l e o g e o t h e r m l l ,
t h e L e s o t h o g e o t h e r m , f r o m t h e P - T e s t i m a t e s o b t a i r e d f o r s u i t e s o f
g r a n u l a r a n d s h e a r e d ( p o r p h y r o c l a s t i c ) x e n o l i t h s f r o m v a r i o u s
k i m b e r l i t e p i p e s . I n r e c e n t y e a r s , m u c h m o r e i n f o r m a t i o n h a s a c c u m u -
l a t e d o n x e n o l i t h s u i t e s f r o m k i m b e r l i t e s f r o m S o u t h A f r i c a , R u s s i a ,
N o r t h A m e r i c a , a n d A u s t r a l i a . T h e e s t i m a t i o n o f t h e P - T c o n d i t i o n s o f
f o r m a t i o n o f s u c h x e n o l i t h s u i t e s b y t h e a p p l i c a t i o n o f u p d a t e d o r
n e w b a r o m e t e r / t h e r m o m e t e r c a l i b r a t i o n s h a s r e s u l t e d i n s o m e r e v i s i o n
o f t h e e a r l i e r e s t i m a t e s i n f e r r e d b y B o y d ( 1 9 7 3 ) a n d o t h e r w o r k e r s
( e . g . E g g l e r a n d M a c C a l l u m , 1 9 7 4 ; N i x o n a n d B o y d , 1 9 7 3 ; B o y d a n d N i x o n ,
1 9 7 5 ; D a w s o n e t a Z . , 1 9 7 5 ; D a n c h i n a n d B o y d , 1 9 7 6 ; D a n c h i n , 1 9 7 9 ;
C a r s w e l l e t a Z . , 1 9 7 9 ; S o b o l e v , 1 9 7 7 ; B o y d a n d F i n g e r , 1 9 7 5 ; H a r t e
e t a l . , 1 9 7 5 ) .
1 2 5
T h e P - T c o n d i t i o n s o f f o r m a t i o n o f g a r n e t - p e r i d o t i t e x e n o l i t h
s u i t e s f r o m k i m b e r l i t e s ) e s t i m a t e d u s i n g a v a r i e t y o f g e o t h e r m o m e t e r s
a n d t h e b a r o m e t e r o f W o o d ( 1 9 7 4 ) , h a v e r e c e n t l y b e e n s u m m a r i s e d b y
C a r s w e l l a n d G i b b ( 1 9 8 0 ) . T h e s e a u t h o r s p r e s e n t a r e v i s e d b e s t - f i t
g e o t h e r m f o r x e n o l i t h s f r o m s o u t h e r n A f r i c a b a s e d o n a l a r g e s a m p l e
s e t . A r g u m e n t s c G n c e r n i n g t h e p o s s i b l e s i g n i f i c a n c e o f t h e P - T
p a t h s m a p p e d o u t b y t h e x e n o l i t h s , a n d i n t e r p r e t a t i o n s o f t h e n a t u r e
o f t h e "
p e r
t u r b e d g e o t h e r m s " w h i c h t h e x e n o l i t h s a r e s u g g e s t e d t o
define~ a r e p r e s e n t e d i n C a r s w e l l ( 1 9 7 8 ) . M i t c h e l l e t a l . ( 1 9 8 0 ) ,
D a w s o n e t a l . ( 1 9 7 5 ) j H a r t e e t a l . ( 1 9 8 1 ) , a n d F r a s e r a n d L a w l e s s
( 1 9 7 8 ) , a n d w i l l n o t b e d i s c u s s e d h e r e .
P - T e s t i m a t e s f o r g a r n e t p e r i d o t i t e a n d g a r n e t - p y r o x e n i t e
x e n o l i t h s r e p o r t e d i n t h e l i t e r a t u r e a r e p r e s e n t e d i n f i g u r e s 4 . 7
a n d 4 . 8 . T h e s a m p l e s p l o t t e d i n t h e s e d i a g r a m s h a v e b e e n s e l e c t e d o n
t h e a r b i t r a r y c r i t e r i o n t h a t t h e g a r n e t s c o n t a i n l e s s t h a n 2 w t . %
C r
Z
0
3
. T h u s , o n l y l o w - C r a s s e m b l a g e s h a v e b e e n c o n s i d e r e d s o t h a t
e q u a t i o n s d e r i v e d i n C h a p t e r Z a n d C h a p t e r 3 c a n b e a p p l i e d t o
c o m p o s i t i o n s n o t f a r r e m o v e d f r o m t h e C F M A S s y s t e m .
P r e s s u r e s h a v e b e e n e s t i m a t e d b y a p p l i c a t i o n o f e q u a t i o n 3 . 1 5
t o r e p o r t e d c o m p o s i t i o n s o f o r t h o p y r o x e n e a n d g a r n e t , u s i n g X~~x =
A l / Z . T e m p e r a t u r e s f o r t h e s e l e c t e d x e n o l i t h s h a v e b e e n e s t i m a t e d i n
t w o d i s t i n c t w a y s :
( a ) u s i n g t h e m e a s u r e d v a l u e o f K o g a - o p x a n d a p p l y i n g t h e
F e - M g
g a r n e t - c l i n o p y r o x e n e t h e r m o m e t e r o f E l l i s a n d G r e e n ( 1 9 7 9 ) , a n d
( b ) u s i n g t h e t w o - p y r o x e n e thermometel~ o f W e l l s ( 1 9 7 7 ) .
P - T e s t i m a t e s f o r i n d i v i d u a l s a m p l e s h a v e b e e n o b t a i n e d f r o m
i n t e r s e c t i o n s o f t h e o r t h o p y r o x e n e A 1
Z
0
3
i s o p l e t h s w i t h t h e c o n s t a n t
K
D
l " i r l e s ( E 1 1 i s a n d G r e e n , 1 9 7 9 ) o r w i t h t h e t V J Q - p y r o x e n e t e m p e r a t u r e
( W e l l s , 1 9 7 7 ) . A l t e r n a t i v e g e o t h e r m s o b t a i n e d b y t h e s e m e t h o d s a r e
1 2 6
F i g . 4 . 7 P - T e s t i m a t e s f o r g a r n e t l h e r z o l i t e nod~les f r o m
k i m b e r l i t e s o f S o u t h A f r i c a . P e s t i m a t e d v i a
e q u a t i o n 3 ( 1 5 1 . T e s t i m a t e d v i a :
a , g a - c p x F e - M g d i s t r i b u t i o n t h e r m o m e t r y
( E l l i s a n d G r e e n , 1 9 7 9 )
b . , t w o - p y r o x e n e t h e r m o m e t r y ( W e l l s , 1 9 7 7 )
C u r v e a . - L e s o t h o g e o t h e r m o f B o y d ( 1 9 7 3 )
C u r v e b . - L e s o t h o g e o t h e r m o f C a r s w e l l a h d G i b b
( 1 9 8 0 a )
S o u r c e s o f d a t a :
B o y d ( 1 9 7 4 ) , B o y d a n d N f x o n ( 1 9 7 5 , 1 9 7 6 ) , B o y d a n d
F i n g e r ( 1 9 7 5 ) , C o x e t . a l . ( 1 9 7 3 ) , C a r s u e l i e t , a l ,
( 1 9 7 9 ) , D a n c h i n ( 1 9 7 9 ) , D a w s o n e t . a l . ( 1 9 7 0 ) ,
D a w s o n e t . , a l . ( 1 9 7 8 ) , G r i f f i n e t . a l . ( 1 9 7 9 ) ,
M a c G r e g o r ( 1 9 7 9 } , M o r i ( 1 9 7 8 ) , N i x o n ( 1 9 7 3 } , N i x o n
a n d B o y d ( 1 9 7 3 ) 1 R e i d & n d D a w s o n ( 1 9 7 2 ) , R o l i ' e e t .
a l . ( 1 9 7 3 ) .
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1 2 7
o n l y ( e . g . f i g u r e 4 . 7 , P i p e 2 0 0 ) . C o m p a r i s o n o f t h e d a t a o f M o r i a n d
G r e e n ( 1 9 7 8 ) w i t h t h e t h e r m o m e t e r o f W e l l s ( 1 9 7 7 ) s u g g e s t s t h a t t h e
l a t t e r m a y u n d e r e s t i m a t e t e m p e r a t u r e s o f e q u i l i b r a t i o n o f t h e h i g h e r -
T x e n o l i t h s ( > 1 1 0 0
o
C ) b y u p t o 1 0 0 ° C . I f t h e d a t a o f M o r i a n d
G r e e n ( 1 9 7 8 ) a r e a c c e p t e d , t h e P - T c o n d i t i o n s i n f e r r e d f o r x e n o l i t h s
f r o m F r a n k S m i t h p i p e a n d p i p e 2 0 0 u s i n g t h e W e l l s ( 1 9 7 7 ) t h e r m o m e t e r
m a y b e t o o l o w . O n t h e o t h e r h a n d , t h e E l l i s a n d G r e e n ( 1 9 7 9 ) t h e r m o -
m e t e r m a y g i v e u n r e a l i s t i c a l l y h i g h t e m p e r a t u r e s ( a n d c o n s e q u e n t l y
u n r e a l i s t i c p r e s s u r e s v i a e q u a t i o n 3 . . 1 5 ) f o r t h e h i g h e s t - T x e n o l i t h s
( C a r s w e l l a n d G i b b s , 1 9 8 0 ) .
( c ) P - T d a t a f r o m d i f f e r e n t p i p e s m a y s h o w c l u s t e r i n g i n t o
l o w e r P - T a n d h i g h e r P - T g r o u p s o r m a y s h o w a r a n g e o f P - T c o n d i t i o n s
o f f o r m a t i o n ( c o m p a r e F r a n k S m i t h p i p e , p i p e 2 0 0 ) f o r t h e x e n o l i t h s .
T h e p r e s e n c e a n d e x t e n t o f c l u s t e r i n g i s a g a i n t h e r m o m e t e r d e p e n d e n t .
( d ) k i n k e d g e o t h e r m s a r e n o t n e c e s s a r y t o d e s c r i b e t h e P - T
a r r a y f o r t h e x e n o l i t h s ( f i g u r e s 4 . 7 a n d 4 . 8 ) . X e n o l i t h s f r o m
i n d i v i d u a l p i p e s ( e . g . F r a n k S m i t h ) m a y d e f i n e a k i n k e d P - T c u r v e , b u t
t h e p r e s e n c e o f t h i s k i n k i s d e p e n d e n t o n t h e t h e r m o m e t e r u s e d .
I n c o n t r a s t t o t h e d a t a f r o m k i m e r l i t i c p i p e s f r o m S o u t h A f r i c a ,
U S S R , a n d N o r t h A m e r i c a , x e n o l i t h d a t a f r o m t h e S o l o m o n I s l a n d s
( N i x o n a n d B o y d , 1 9 7 9 ) a n d f r o m d i a t r e m e s i n s o u t h e a s t e r n A u s t r a l i a
( L o v e r i n g a n d W h i t e , 1 9 6 9 ; I r v i n g , 1973~ F e r g u s o n a n d S h e r a t o n , 1 9 7 9 )
d e f i n e h o t t h e r m a l r e g i m e s a t s h a l l o w d e p t h s ( f i g u r e 4 . 8 a a n d b ) .
C a l c u l a t e d e q u i l i b r a t i o n p r e s s u r e s o f 2 0 - 2 4 k b a r ( a t 1 1 0 0
o
C ) f o r a
s p i n e l - g a r n e t l h e r z o l i t e f r o m N e w S o u t h W a l e s ( f e r g u s o n e t a l . , 1 9 7 7 )
a r e c o n s i s t e n t w i t h t h e p r e s e n c e o f b o t h s p i n e l a n d g a r n e t i n t h i s
r o c k , a n d a r e i n g o o d a g r e e m e n t w i t h p r e v i o u s P - T e s t i m a t e s . P r e s s u r e s
c a l c u l a t e d f o r g a r n e t - w e b s t e r i t e x e n o l i t h s f r o m s o u t h e a s t e r n A u s t r a l i a
a r e d e p e n d e n t o n t h e t h e r m o m e t e r u s e d ( f i g u r e 4 . 8 a a n d b ) , b u t a r e
1 2 8
F i g . 4 . 8 P - T e s t i m a t e s f o r g a r n e t l h e r z o l i t e n o d u l e s f r o m
k i m b e r l i t e s i n t h e U . S . S . R . a n d N o r t h A m e r i c a , a n d
f r o m a l k a l i b a s a l t s , k i m b e r l i t e s , o r b r e c c i a p i p e s
j n o t h e r a r e a s . P e s t i m a t e d v i a e q u a t i o n 3 ( 1 5 ) ; T
e s t i m a t e d v i a :
a . g a - c p x F e - M g d i s t r i b u t i o n t h e r m o m e t r y
( E l l i s a n d G r e e n , 1 9 7 9 )
b . t w o - p y r o x e n e t h e r m o m e t r y ( W e l l s , 1 9 7 7 )
C u r v e a . - L e s o t h o g e o t h e r m ( B o y d , 1 9 7 3 1
C u r v e b . - L e s o t h o g e o t h e r m ( C a r s w e l l a n d G i b b , 1 9 8 0 a )
S o u r c e s o f d a t a :
B o y d e t . a l . ( 1 9 7 6 ) , E g g l e r a n d M c C a l l u m ( 1 9 7 4 , 1 9 7 6 )
, E h r e n b e r g ( 1 9 7 9 ) , F e r g u s o n a n d S h e r a t o n ( 1 9 7 9 ) ,
F e r g u s o n e t . a l . ( 1 9 7 7 ) , G a r r i s o n a n d T a y l o r ( 1 9 8 0 )
, I r v i n g ( 1 9 7 3 ) , L o v e r i n g a n d W h i t e ( 1 9 6 4 ) , M c C a 1 1 -
u m e t . a l . ( 1 9 7 5 ) , M i t c h e l l ( 1 9 7 7 , 1 9 7 8 ) , N i x o n a n d
B o y d ( 1 9 7 9 ) , S o b o l e v ( 1 9 7 7 ) , W i l k i n s o n ( 1 9 7 4 ) ,
S m i t h a n d L e v y ( 1 9 7 6 ) .
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1 2 9
n o t u n r e a s o n a b l e e s t i m a t e s ( 1 0 - 2 0 k b a r ) i n e i t h e r c a s e .
I t m u s t b e s t r e s s e d t h a t t h e a p p l i c a t i o n o f t h e o r t h o p y r o x e n e -
A 1
Z
0
3
b a r o m e t e r t o g a r n e t p e r i d o t i t e x e n o l i t h s i s s u b j e c t t o l a r g e
u n c e r t a i n t y a r i s i n g b o t h f r o m e r r o r i n t e m p e r a t u r e e s t i m a t i o n , a s
d i s c u s s e d a b o v e , a n d f r o m a n a l y t i c a l u n c e r t a i n t y . A s A 1
2
0
3
c o n t e n t s
i n t h e o r t h O p y r o x e n e s c o n t a i n e d i n g a r n e t p e r i d o t i t e s a r e v e r y l o w ,
t h e p r o b l e m s o f a n a l y t i c a l u n c e r t a i n t y w i l l b e g r e a t l y m a g n i f i e d i n
c a l c u l a t i o n o f e q u i l i b r i u m p r e s s u r e s . T h u s , f o r t h e h i g h e r P - T
x e n o l i t h s a m p l e s t h e c u m u l a t i v e e r r o r i n c a l c u l a t e d p r e s s u r e s m a y b e
± 1 0 k b a r .
1 1 . A L P I N E A N D N O R W E G I A N G A R N E T P E R I D O T I T E S A N D O R T H O P Y R O X E N E E C L O G I T E S
P - T e s t i m a t e s o b t a i n e d f o r p u b l i s h e d e x a m p l e s o f g a r n e t
p e r i d o t i t e b o d i e s i n g n e i s s t e r r a i n e s ( E r n s t , 1 9 7 8 ; E v a n s a n d
T r o m r n s d o r f f , 1 9 7 8 ; O ' H a r a a n d M e r c y , 1 9 6 6 ; M e d a r i s , 1 9 8 0 ; O b a t a , 1 9 8 0 )
a n d N o r w e g i a n o r t h o p y r o x e n e e c l o g i t e s ( L a p p i n a n d S m i t h , 1 9 7 8 ; G r e e n ,
1 9 6 9 ; L a p p i n , 1 9 7 7 ; C a r s w e l l a n d G i b b , 1 9 8 0 ) a r e p r e s e n t e d i n f i g u r e
4 . 9 a a n d b . P r e s s u r e s h a v e b e e n c a l c u l a t e d u s i n g e q u a t i o n 3 . l 5 a n d
t e m p e r a t u r e s o b t a i n e d u s i n g e i t h e r g a r n e t - c l i n o p y r o x e n e F e - M g
e x c h a n g e t h e r m o m e t r y ( E l l i s a n d G r e e n , 1 9 7 9 ) o r t w o - p y r o x e n e
t h e r m o m e t r y ( W e l l s , 1 9 7 7 ) .
A l p i n e a n d N o r w e g i a n g a r n e t - p e r i d o t i t e - b e a r i n g u l t r a m a f i c b o d i e s
( f i g u r e 4 . 9 a a n d b ) y i e l d P - T e s t i m a t e s w h i c h l i e b e t w e e n t h e l o w -
p r e s s u r e l i m b s o f t h e L e s o t h o g e o t h e r m s g e n e r a t e d b y B o y d ( 1 9 7 3 )
( c u r v e a ) a n d C a r s w e l l a n d G i b b ( 1 9 8 0 ) ( c u r v e b ) . C o r e a n d r i m m i n e r a l
c o m p o s i t i o n d a t a ( E v a n s a n d T r o m m s d o r f f , 1 9 7 8 ; M e d a r i s , 1 9 8 0 ) ,
c o n n e c t e d b y a r r o w s i n f i g u r e 4 . 9 a , c l e a r l y i n d i c a t e r e t r o g r a d e e q u i l -
i b r a t i o n o f t h e g a r n e t - p e r i d o t i t e s e n c l o s e d i n u l t r a m a f i c b o d i e s .
1 3 0
F i g . 4 . 9 P - T e s t i m a t e s f o r g a r n e t p e r i d o t i t e - b e a r i n g u l t r a m -
a f i c b o d i e s i n c r u s t a l g n e i s s e s i n t h e A l p s a n d
N o r w a y , t h . e R o n d a p e r i d o t i t e m a s s i f , a n d N o r w e g i a n
o r t h o p y r o x e n e e c l o g i t e s . P e s t i m a t e d v i a e q u a t i o n
3 ( 1 5 } ; T e s t i m a t e d v i a ;
a . g a - c p x F e - M q d i s t r i b u t i o n t h e r m o m e t r y
( E l l i s a n d G r e e n , 1 9 7 9 )
b . t w o - p y r o x e n e t h e r m o m e t r y ( W e l l s , 1 9 7 7 )
C u r v e a . - L e s o t h o g e o t h e r m ( B o y d , 1 9 7 3 )
C u r v e b . - L e s o t h o g e o t h e r m ( C a r s w e l l a n d G i b b , 1 9 8 0 a )
S o u r c e s o f d a t a :
C a r s w e l l ( 1 9 7 3 , 1 9 7 8 ) , E r n s t (1978)~ E v a n s a n d T r o m m -
s d o r f f ( 1 9 7 8 ) , G r e e n ( 1 9 6 9 ) , L a p p i n ( 1 9 7 4 ) , L a p p i n
a n d S m i t h ( 1 9 7 8 ) , M e d a r i s ( 1 9 8 0 ) , M y s e n a n d H e i e r
( 1 9 7 2 ) , O b a t a ( 1 9 8 0 ) , O I H a r a a n d M e r c y ( 1 9 6 6 ) .
C o r e t o r i m z o n i n g d a t a o b t a i n e d b y M e d a r i s ( 1 9 8 0 )
a n d E v a n s a n d T r o m m s d o r f f ( 1 9 7 8 ) f o r m i n e r a l s i n
g a r n e t p e r i d o t i t e b o d i e s a r e s h o w n b y a r r o w s .
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1 3 1
T h e n e w P - T e s t i m a t e s o b t a i n e d h e r e s u p p o r t a n u p p e r m a n t l e
o r i g i n o f t h e s e g a r n e t pe~idotite b o d i e s , a n d i n d i c a t e e m p l a c e m e n t
a n d u p w a r d t e c t m d c t r a n s p o r t o f p r e · e x i s t i n g g a r n e t - p e r i d o t i t e
a s s e m b l a g e s i n t o c r L : : : > t a ' ! r o c k s , c c n s i s t e ; 1 t w · ; t h t ; 1 2 i n t e r p r e t a t i o n s
o f p r e v i o u s w o r k e r s .
T h e R o n d a g a r n e t - p e r i d o t i t e m a s s ( O b a t a , 1 9 8 0 ) i s a n e x a m p l e
o f a c o n t r a s t i n g g a r n e t - p e r i d o t i t e assoc~aticn i n t h a t t h i s b o d y
e q u i l i b r a t e d a t m u c h h i g h e r t e m p e r a t u r e s a n d a t l o w e r p r e s s u r e s t h a n
t h e u l t r a m a f i c b o d i e s d~scussed a b u v e ( f i g u r e 4 . 9 a a n d b ) . P - T
e s t i m a t e s o b t a 1 i " 1 e d f o : " t h e R o n d a m a s s i f a r e r e l a t e d t o a s u b s o i i d u s
r e c r y s t a l l i s a t i o n event~ r a t h e r t h a ; ' l t o t h e P - T c o n d i t i o n s o f f o r m a t i o n
o f o r i g i n a 1 a 1 u m i n o u s p y r o x e n e pO',~phyrob 1 a s t s ( O b a t a , 1 9 8 0 ) . T h e
d i s t i n c t P - T r e g i m e ~nd f i e l d r e l a t i o n s h i p s ( O b a t a , 1 9 8 0 ) o f t h e
R o n d a pe~idot~te m a S 3 s u g g e s t t h a t t h e m o d e o f e m p l a c e m e n t o f t h i s
b o d y w a s j i f f e r e n t t o t h e t e c T o n i c i n t e r l e a v i n g p r o c e s s e s a p p a r e n t l y
r e s p o n s i b l e f o r e m p l a c e m e n t o f t h e g a r n e t " · b e a T i n g p e r i d o t i t e b o d i e s
c o n s i d e r e d a b o v e ,
O r t h o p y r o x e n e e c l o g i t e s o r g a r n e t p y r o x e n i t e s o c c u r i n t h e
g n e i s s t e r r a i n o f N o r w a y i n i s o l a t e d e c l o g i t 1 c b o u d i n s w h i c h m a y a l s o
c o n t a i n q u a r t z - e c l o g i t e , k y a n i t e - e c l o g i t e , a n d z o i s i t e - e c l o g i t e
l a y e r s ( c o u n t r y - r o c k e c l o g i t e s ) . T h e s e e c l o g i t e s h a v e b e e n i n t e r p r e t e d
i n t w o d i s t i n c t w a y s :
C a ) a s i n s i t u p r o g r a d e m e t a m o r p h i c a s s e m b l a g e s . T h e e c l o g i t e s
h a v e f o r m e d f r o m d e e p · , s e a t e d m e t a m o r p h i s m o f b a s a l t i c r o c k t y p e s
p r e v i o u s l y e m p l a c e d a s d y k e s i n a c r u s t a . s e q u e n c e ( B r y n h i e t a l . ,
1 9 7 7 ; M y s e n a n d H e i e r , 1 9 7 2 ; G r i f f i n , ~97~; G r e e n , 196~ K r o g h e t a l . ,
1 9 7 6 ; C a r s w e l l , 1 9 7 4 ; C a r s w e l l a n d G i b b , 1 9 8 0 a ) . A m o d e l o f s u b d u c t i o n
a n d continen~al c o l l i s i o n h a s b e e n d e v e l o p e d t o a c c o u n t f o r t h e
, i . 3 2
eclog~te-g~eiss t e r r a n e ( K r o g h , 1977)~
( b ) a s t e c t o n i c a l 1 y e m p l a c e d b o d i e s w h i c h w e r e m e t a m o r p h o s e d
p r i o r t o e m p l a c e m e n t i n s u r r o J n d i n g g n e i s s e s ( L a p p i n
s
1 9 7 7 ; L a p p i n
a n d S m i t h , 1 9 7 8 ) . T h e e c l o g i t e s a n d s u r r o u n d i n g g n e i s s e s a r e t h u s
n o t i s o f a c i a l i n t h i s m o d e l . E c l o g i t e s f O Y ' m e a l l ; ' ' l d e r u p p e r m a n t " l e
conditio~s a r e s u g g e s t e d t o h a v e b e e n e m p l a c e d i n t o t h e g n e i s s e s
d u r i n g a c o n t i n e n t - c o n t i n e n t c o l l i s i o n e v e n t
T h e e s s e n t i a l a r g u m e n t i n d e n y i n g a n i n s i t u m o d e l f o r t h e
o r i g i n o f t h e c o u n t r y - r o c k e c l o g i t e s i s t h e P - T c o n d i t i o n s o f f o r m a t i o n
o f t h e s e e c l o g i t e s i n r e l a t i o n t o t h e e n c l o s i n g g n e i s s e s . P - T
e s t i m a t e s f o r s u c h e c l o g " i t e s , b a s e d o n e q u a t i o n 3 . : 1 5 a n d g a r n e t -
c l i n o p y Y ' o x e n e ( E l 1 i s a n d G r e e n , 1 9 7 9 ) o r t \ l J o - p y r o x e n e ( W e l l s , 1 9 7 7 )
t h e r m c m e t r y a r e p r e s e n t e d i n f i g u r e 4 . 9 a a n d b .
T h e s e e s t i m a t e s s n o w a b r o a d r e g i o n o f o v e r l a p w i t h p r e s s u r e s
s a l c u l a t e d f o r N o r w e g i a n a n d A l p i n e g a r n e t - p y r o x e n i t e - b e a r i n g
ultramaf~c bodie~. T h e l o w e r P - T d a t a d e r i v e d f r o m p u b l i s h e d m i n e r a l
r o m p o : i t i o n d a t a ( G r e e n > 196~; C a r s w e l l " 1 9 6 8 , K i 0 g h a n d G r i f f i n ,
1 9 8 1 ) fo~ c o u n t r y - r o c k e c l o g i t e s a r e a l s o i n t h e u p p e r r a n g e o f t h e
P. . T p a t h p r o p o s e d b y K r o g h ( 1 9 7 7 ) f o r N o r w e g i a ; l e c l o g i t e s a n d m a y b e
c o n t i n u o u s w i t h t h a t p a t h . H i g h e r P - T e s t i m a t e s o b t a i n e d f r o m t h e
d a t a o f L a p e i n a n d S m i t h ( 1 9 7 8 ) a r e i n c o n s i s t e n t w i t h t h e p r e s e n c e
o f plag~oclase i n s u r r o u n d i n g g n e i s s e s a n d w o u l d a r g u e a g a i n s t a n
& n s i t u o i i g i n f o r t h e o r t h o p y r o x e n e e c l o g i t e s .
T h e r a n g e o f P - T e s t i m a t e s o b t a i n e d f o r t h e s e c o u n t r y - r o c k
eciog~tes ( 6 5 0
0
C , 1 7 k b t o 9 5 0
0
C , 4 0 k b ) i s c o n s i d e r e d t o b e t o o l a r g e
i n c o m p a r i s o n t o t h e o v e r a l l s i m i l a r i t i e s o f t h e v a r i o u s o r t h o p y r o x e n e
e c l o g i t e s . A t p r e s e n t , t h e P - T i n f o r m a t i o n g a i n e d f r o m p U b l i s h e d d a t a
m u s t b e c o n s i d e r e d a m b i g u o u s i n a n y i n t e r p r e t a t i o n o f a n i n s i t u o r
f o r e i g n o r i g i n o f t h e s e e c l o g i t e s , f o r t h e f o l l o w i n g r e a s o n s :
1 3 3
( a ) i n m o s t p u b l i s h e d work~ t h e n a t J f 2 a n d d i r e c t i o n o f
c o m p o s i t i o n a l z o n i n g i n c o e x i s t i n g p h a s e s i n t h e o r t h o p y r o x e n e
e c l o g i t e s h a s n o t b e e n r e p o r t e d o r c o n s i d e r e d . I n v i e w o f t h e
i m p o r t a n c e o f t h e P - T e s t i m a t e s , i t i s e s s e n t i a l t h a t c o e x i s t i n g
r i m a n a l y s e s b e a v a i l a b l e a ; l d t h a t z o n i n g relatio~sh1ps a r e w e l l
k n o w n s o t h a t t h e r i m d a t a m a y b e e v a l u a t e d critica:~y.
( b ) t h e 4 k b a r / 1 0 0
0
C s l o p e o f t h e orthopy~oxene-garnet
A 1
Z
0
3
b a r o m e t e r a p p l i e d h e r e i n ( e q u a t i o n 3.1~ m e a n s t h a t e s t i m a t e d
p r e s s u r e i s c r i t i c a l l y d e p e n d e n t o n t h e ca~culated o r a s s u m e d
t e m p e r a t u r e o f e q u i l i b r a t i o n . A t 1 0 w t e m p e r a t L r e s ( 6 5 0 - 1 0 0 0
0
C )
t h e K o g a - o p x t h e r m o m e t e r ( E l l i s a n d G r e e n , 1 9 7 9 ) i s m o r e s e n s i t i v e
F e - M g
a n d h e n c e m o r e a p p l i c a b l e t h a n t h e t w o - p y r o x e n e t h e r m o m e t e r , D u t
s t i l l i s c o n s i d e r e d t o h a v e a n a c c u r a c y o f o n l y ± 5 0
0
C , T h i s e r r o r
a l o n e r e s u l t s i n a ± Z k 0 a r u n c e r t a i n t y o n c a l c u l a t e d p r e s s u r e s , e v e n
~efore analyt~cal u n c e r t a i n t i e s a n d t h e p r o b l e m s o u t l i n e d i n ( a ) a b o v e
; : I . r e c o n s 1 d e r e d .
1 1 1 , C R U S T A L G R A N U L I T E S
P . , T e s t i m a t e s f o r p u b l i s h e d e x a m p l e s o f g a r n e t - o r t h o p y r o x e n e -
r e a r i n g g r a n u l i t e f a c i e s a s s e m b l a g e s a r e p r e s e n t e d i n f i g u r e 4 . 1 0 .
I n t h e s e e x a m p l e s , p r e s s u r e s a r e c a l c u l a t e d u s i n g e q u a t i o n 3 j 5 a n d
t e m p e r a t u r e s o b t a i n e d u s i n g t h e p u b l i s h e d e s t i m a t e s o r t h e f o l l o w i n g
t h e r m o m e t e r s :
( a ) i n c l i n o p y r o x e n e - b e a r i n g a s s e m b l a g e s , t h e K o g a - c p x t h e r m o -
F e - M g
m e t e r ( E l l i s a n d G r e e n , 1 9 7 9 ) - e . g . G r i f f , n e t a Z . ( 1 9 8 0 ) ;
W e l l s ( 1 9 7 9 ) ; O ' H a r a a n d Y a r w o o d ( 1 9 7 8 ) ; S a v a g e a n d S i l l s ( 1 9 8 0 ) ;
G r i f f i n a n d R a h e i m ( 1 9 7 3 ) ; M c L e l l a n d a n d W h i t n e y ( 1 9 7 7 ) .
( b ) i n o t h e r a s s e m b l a g e s ( e . g . g a + o p x + c d + q z ; g a + o p x +
s 1 1 1 ± q z ; g a + o p x + q z ) , t h e K o g a - o P X t h e r m o m e t e r d e v e l o p e d i n
F e - M g
1 3 4
C h a p t e r 2 a n d C h a p t e r 3 h a s b e e n u s e d - e . g . N i x o n e t a l . ( 1 9 7 3 ;
B e r g ( 1 9 7 7 a , b ) ; K r y l o v a a n d P~iyatkina ( 1 9 7 6 ) ; D a v i d s o n a n d M a t h i s o n
( 1 9 7 4 ) , H o w i e a n d S u b r a m a n i a m ( 1 9 5 7 ) ; W e a v e , e t a l . ( 1 9 7 8 ) ; K a r s a k o v
( 1 9 7 3 ) ; K i t s u l a n d K o p y l o v ( 1 9 7 4 ) .
A s n o t e d i n p r e v i o u s s e c t i o n s , t h e t e , n p e r a t u i e e s t i m a t e i s a
c r i t i c a l f a c t o r i n t h e e s t i m a t i o n o f p r e s s u r e s 0 f e q u i l i b r a t i o n
b e c a u s e o f t h e 4 k b a r / l 0 0 0 C s l o p e o f t h e A 1
2
G
3
oa~cmeter.
I n g e n e r a " l , p r e s s u r e s e s t i m a t e d u s i n g e q u a t i o n 3 . i 5 a r e r e a s o n a b l e
i n t h a t e x c e s s i v e l y h i g h ( > 1 5 k b a r ) p r e s s u r e s o r n e g a t i v e p r e s s u r e s
a r e n o t c a l c u l a t e d f o r a n y g r a n u l i t e f a c i e s s a m p l e s . I n a d d i t i o n ,
P - T e s t i m a t e s a r e i n g o o d a g r e e m e n t w i t h t h e f a v o u r e d e s t i m a t e s o f
t h e o r i g i n a l w o r k e r s . F o r e x a m p l e , a l l b u t t w o s a m p l e s f r o m t h e
N a i n c o m p l e x , L a b r a d o r ( B e r g , 1 9 7 7 a , b ) , a r e i n t h e P - T f i e l d 1 - 7 k b a r
a n d 6 7 5 - 8 5 0
0
C , w i t h m o s t s a m p l e s i n d i c a t i n g press~res b e l o w 4 k b a r
( f i g u r e 4 . 1 0 b ) , i n g o o d a g r e e m e n t w i t h t h e g e n e r a l ra~ge o f P - T
c o n d i t i o n s i n f e r r e d b y B e r g ( 1 9 7 7 a , b ) u s i n g o t h e r b a r o m e t r y - t h e r m o m e t r y
t e c h n i q u e s .
T h e e x t e n s i v e P · · T f i e l d e m b r a c e d b y t h e g r a n u l i t e f a c i e s i s
i n d i s a t e d i n f i g u r e 4 , 1 0 . T h e orthopyroxene-bearin~ p a r a g e n e s e s o c c u r
ov~r a p r e s s u r e r a n g e o f 2 - 1 2 k b a r ( a n d p o s s i b l y 1 5 k b a r ) a n d i n t h e
t e m p e r a t u r e i n t e r v a l 6 5 0 - 1 0 0 0
0
C "
S u i t e s o f g r a n u l i t e s o r g a r n e t - o r t h o p y r o x e n e - b e a r i n g m e t a - i g n e o u s
r o c k s f r o m s e l e c t e d a r e a s s h o w g o o d c l u s t e r i n g o f P - T e s t i m a t e s .
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are estimated to have re-equilibrated at 8 ± 2 kbar and at temperatures
of 800 ± 500 C (figure 4.10a). These temperatures are higher than
those estimated by O'Hara and YanJood (1978) but are in agree~ent
with the estimates of Savage and Sills (1980), and the calculated
pressures are reasonable for al1 but one sample of O'Hara and Yarwood
(1978) which y~elds a pressure of only 2 koar. Combined use of the
garnet-clinopyroAenc the~~mumeter (Ellis and Green, 1979) and
equation 3.15thL:S yie"ids positive and, usually, reasonable P-T
estimates for the data of OiHara and Ya~ood (1978), in contrast to
the negative pressures these authors have calcu1ated for the ~ame
samples using the ba~ometer of Wood (1974),
Sillimanite- or sapphirine-bear~ng garnet-o~thopyroxene
assemblages reported from the USSR (Kry1ova and Priyatkina, 1976;
l.utts and Kopaneva, 1968) and from Ugancta (Nixon et aL, J973) yield
P-T estimates, based on the garnet-orthopyroxene barometry and
thermometry developed in Chapter 2 and Chapter 3, which are consistent
with the phase topology constraints and the experimental work of Hensen
and Green (1973) (figure 4,10).
Retrograde garnet-bearing coronas in meta-igneous rocks from
Norway (Griffin and Raheim, 1973) and the Adirondacks (McLelland and
Whitney" 1977) are estimated to have formed at 600-6500 C and 7-17 kbar.
The coronas in metamorphosed dolerites from Norway~ are inferred to
have formed at 10-12 kbar, consistent with the partial eclogitisation
undergone by these dolerites (Griffin and Raheim, 1973). On the
other hand, the data of McLelland and Whitney (1977) yield unrealistic-
ally high pressures of 14 and 16.5 kbar for two magnesian samples. In
view of the strong compositional zoning likely to be present in the
coronas, there is a strong possibility that reported A1 203 contents
are not those of orthopyroxenes coexisting with garnet in such
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assemblages. These results indicate that geothermobarometry must oe
applied with great caution to assemblages displaying disequi1ibrium
textures. It is essential to obtain analyses of adjacent rim
compositions ef co~stituent minerals.
lhe granulites considered in figure 4.10 include a wide range
of compos hi ons in terms of x~: and x~~x, In general, 'che ga rnet-
ot'thopyroxene barometer can be used over this composit-ional 'range
without apparent systemat~c errors arising except in some Mg-rich
parageneses" The barometer is less re1i ab1e arid has large uncertai nty
vJhen x~~x is very low, for example in high--Ca. high-Fe assemblages
formed at IOW temperatures (600-7000C), In such cases analytical
uncertainty in determination of A1 203 is responsible for large
uncertainties in pressure calculation,
Fer all applications, the following points must be recognised:
(a) Fe3+ calculation will alter x~~x, and thus Pcalculated'
Fe3+ corrections must be applied to garnet as well as orthopyroxene,
and these corrections should probably only be applied in o0viously
oxidised assem~lages or where Fe203 contents have been directly
determi ned,
(b) it is necessary to obtain, if possible, analyses of
coexisting garnet and orthopyroxene rims. If core compositions are
to be used it is vital to clearly define the nature and direction of
zoning, if any occurs~ within the minerals. Such careful attention
to analytical techniques will enhance the reliability of this barometer
and the independent thermometers used to derive P-T conditions.
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5. -I INTRODUCTION
The purpose of this and subsequent chapters is to obtain a
reconstruction of the physical conditions of metamorphism and the
metamorpnic evolution of granulltes from the Napier Complex, Enderby
Land, based on the a~plication of experimentally determined geothermo-
meters and geobarometers to common mineral assemblages.
This chapter documents the occurrence and petrography of two-
pyroxene bearing granulites from the Napier Complex. Widely used
semi-empirica) thermometers are applied to estimate temperatures of
formation of the primary metamorphic assemblages. Retrograde equilibria
leading to the formation of garnet in these rocks during a later meta-
morphic event and shearing are discussed, and P-T conditions of these
events are established using garnet-clinopyroxene thermometry (Ellis
and Green, 1979) and garnet-orthopyroxene thermometry-barometry
developed in previous chapters.
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5.2 REGIONAL GEOLOGICAL SETTING OF THE NAPIER COMPLEX
The Napier Complex (Kamenev, 1975) is an Archaeangranu1ite facies
terrain of some 100,000 km2 area, making up most of Enderby Land,
Antarctica (figure 5.1). This polymetamorphic complex is bounded cy
the Proterozoic Rayner Complex (Kamenev, 1975), Early investigations
by Russian workers (Kamenev, 1972; Ravich & Kamenp,v, 1975) established
these two separate provinces, and reg~ons of overlap of the younger
metamorphic terrain (Rayner Complex) onto the Archaean Napier Complex.
The Rayner Complex consists of upper amphibolite to granulite
facies metamorphic~charnockitic and anorthositic (?) int~usives
and boudinaged metamorphosed basic dykes which are interpreted
to be metamorphosed relics of basic dykes occurring inthe Napier
Complex (Amunsden Dykes, Sheraton et al, 1980). Metamorphism in
the Rayner Complex is dated at 1000 m.a. (m.a million years) on the
basis of U/Pb and Rb/Sr isotopics (Black, in prep.; Gre\AI, 1978).
The Napier province is unusual among granulite facies terraines
in the preservation on a regional scale of the high grade a1uminous
and pe1itic assemblages sapphirine-quartz (Da11witz, 1968, Sheraton
et al., 1980; Ellis et al., 1980; Grew, 1980)"hypersthene-sillimanite-
quartz, and osumilite bearing assemblages (Ellis et al. .. 1980). Over
a large area including the Scott and Tu1a mountains (figure 5.1) pri-
mary garnet-cordierite assemblages were unstable during M1-M2 (3100
m.a.). These observations place broad constraints on the P,T conditions
of the first metamorphic events in the Napier province, and indicate
metamorphism at 7-9 kbar and 900-980°C (Ell is, 1980; Grew, 1980;
Sheraton et al ... 1980).
The unusual mineral assemblages referred to above have attracted
a great deal of interest, and previous detailed petrological studies
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have concentrated in particular on the sapphirine-quartz and osumilite·
bearing assemblages. Such rocktypes occur as rare thin (lcm-l metre)
layers within a much more extensive well-iayered granulite sequence.
The well layered sequence has been termed the Tula Series (Kamenev,
1975). This consists predominantly of garnet-quartz feldspar gne~sses
and two pyroxene-feldspar~quartz granulites~ subordinate layers of
aluminous and siliceous metasediments (Sheraton et al.~ 1980), with
ultramafic pyroxenite boudins locally developed. As we1l as the
exotic mineral assemblages referred to above~ the aluminous rocktypes
include garnet-sillimanite- and garnet-orthopyroxene-bearing feldspathic
gneisses which locally may comprise up to thirty percent of the layered
sequence (e.g.~ Mt. Sones~ Tonagh Island East).
A separate~ poorly layered to massive gneiss group, the Raggatt
Series (Kamenev, 1975) has been recognised in the Napier province. Th~s
series consists of pyroxene-feldspar-quartz gneisses with minor mafic
and ultramafic layers (Sheraton et al.~ 1980). The major rocktype in
this series is orthopyroxene-quartz-feldspar gneiss which occasionally
contains garnet. Two-pyroxene gneisses and granulites are also common.
These consist of orthopyroxene-clinopyroxene-plagioclase ± Kfeldspar
± quartz with additional ilmenite, magnetite, apatite and hornblende
or biotite. Orthopyroxene-clinopyroxene websterite boudins also occur
in this group.
pyroxene granulites and orthopyroxene-garnet parageneses thus
occur in both the well layered granulite gneiss sequence (Tula Series)
and in the more massive series (Raggatt Series). The widespread
occurrence of these assemblages throughout Enderby Land renders them
useful in delineating regional metamorphic patterns and in determining
(P,T) histories at individual sites or outcrops. Such P-T information
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provides a framework into which information obtained from the exotic
sapphirine and osumilite-bearing assemblGges referred to above may
be integrated.
:J-5
5.3 STRUCTURAL GEOLOGY AND GEOCHRONOLOGY OF THE NAPIER COMPLEX
Following earlier reconnaisance by Russian '.'JOrkers (Kamenev, 1972;
Ravich and Kamenev, 1975), a detailed and comprehensive programme
of geological investigation has been undertaken in the Napier Complex
over the last decade by AustraliRn scientific expeditions. •
The current understanding of the regional geological history of
the Napier province has been summarised by Sheraton et al.(1980) and
James and Black (1981). A table summarising 'i:h;~ sequence of geologi-
cal events with time, modified after Sheraton et al (1980), is
presented in Table 5.1
Three distinct major deformation episodes have been recognised
in the Napier province (Sheraton et al.:, 1980~ James and Black, 1981).
The first deformation, 01, produced recumbent symmetric isoclinal
folds on all scales. This deformation was characterised by intense
flattening, a horizontal style, and marked thickening of fold hinges
(James and Black, 1981). Axial pla~e fabrics defined by quartz ribbons,
lensoidal pyroxene aggregates, and si1 1 imanite orientations in the
paragneisses of the very weil layered gneissic sequence (James and
Black, 1981), are preserved occasionally in F~ minor fold hlnges.
Generally, however, uniform equigranular to inequigra~uiar granobl~stic
textures, with some streaky layer-parallel foliatio~ or mineral
elongation, are developed in most rocktypes (James and B-Iack,. 198-),
The second deformation, D2, has produced common mesoscopic tc
moderate scale (amplitudes 100ls metres) assymmetric, tight to iso-
clinal folds (Sheraton et al.> 1980; James and Black, 1981 ~ Griffin,
1979). These folds are characterised by incl ined axial planes, the
abundance of parasitic assymmetric folds, the absence of marked hinge
thickening, and the general absence of any penetrative S2 planar
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Table 5.1 DEFORMATION / METAMORPHIC HISTORY OF THE NAPiER ;'ROVH'CE
EVENT AGE Cm. a.} DEFORMATION FEATURES METAMORPHISM &TEXTURES
01 3100 to 3000 flat lying isoclinal folds;
1ayey'-para11el foliation.:
strong elongation 1ineatio~
symmetric folds I
ribbon textures in axial;
regi ons ;
sill'imanite 1ineations .
U
.
o
U)
.;])
.. coarse elongate
textures, or
polygonal
granob1astic
02 3000 to 2700? assymmetric tight folds;
parasiti c folds common:
inclined axial planes;
no penetrative S2 i
rodding lineation;
sillimanite 1ineat'ion;
boudinage .
en
w~
I-t:---
..... ,
5~
z -
<{ ,U
er: 0
t') 0
t:---
o
l-
t')
Z
I-f
-l
o
o
U
-/I. coarse granob1-
astic textures,
some pretecton-
ic elongate
porphyrob', asts.
qarnet coronas, I
exso1utions.
r
#veryvariab1e
CJ) ~ recrystallisation
°Wcn
1- ...... I to fine grain-ULD
~ if: 0 sizes. Oevelop-
I-f •
-l W 0 f
° I- R ment 0 garnet
co I-i I
:c:5 g cororas, biotite
Cl.. Z U)
<{ (7\ h'b'L er: ° . i Cl.mp 1 0 le.
<{t')1-
I('.
I
".I
".I
('.
I
('.
I('.
I('.
I
03 2500
1100
upright open-close folds;
large scale dome and basin;
weak vertical S3 ;
localised intense deformat
-ion and contemporaneous
shearing
Myl on ite zones
Unmetamorphosed dykes
Mylonite zones
Overprinting by Rayn~r
metamorphism in south 1
.,. deve1opment of
biotite, amphib-
ole
Sources S~eraton et. al. C1980~ ; Black ~nd James (1979); James and
Black. (19rot ; Black et. al. (in prep) ; this study.
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structures (James and Black, 1981).
Original elongate fabrics developed during 01 are often randomised
to more equigranular polygonal fabrics by static recrystallisation
accompanying and post-dating 02 (James and Black, 1981), The textures
resulting from superposed 01 and 02 events are often granoblastic
equigranular and polygonal> with no clear tectonite fabrics preserved
within individual layers. This genera~ feature has been interpreteci
to indicate that the early high grade g,anulite assemblages, herein
ascribed to metamorphic "events" Ml-M2, reached a final state of
textural equilibrium at the culmination of 02 (James and Black, 1981;
B1ack etaL (i n pre ss) ) .
The third major deformation, 03; is largely responsibie for the
current macroscopic and regional orientations of layering in the Napier
province (Sheraton et aZ.~ 1980; James and Black, 1981; Black and
James, 1979). 03 has resulted in the formation of large scale upright,
open to close, non-cylindrical and cylindrical folds. These folds
have amplitudes of ~ 1 kilometre and wavelengths in the order of
kilometres to tens of kilometres. 03 folding of the earlier recumbent
gneiss-granulite sequence has produced a dome-and-basin structurai
style (James and Black, 1981). Further effects sometimes cor~elated
with 03 are the production of the earliest discrete shear zones and
mylonite-ultramylonite zones.
Microscopically, textural effects resulting from the superposition
of 03 deformation upon pre-existing granulite fabrics include the
development of deformation bands, subgrain structures and marginal
recrystallisation in quartz grains. Deformation twins. kinked twins,
grainboundary recrystallisation and total recrystallisation to polygonal
aggregates may be developed in plagioclase. Orthopyroxenes may be
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kinked, and both orthopyroxene and clinopyroxene may recrystallise to
finer polygonal aggregates (James and Black, 1981). The intensity of
development of these fine grained recrystallised 03 textures is very
heterogeneous, and both strongly recrystallised and relatively unaffected
zones may occur within one thin section (James &nd Black, 1981; Black
et al. (il press)).
In addition to the recrystallisation effects outlined above, the
03 deformation and subsequent recovery has resulted in the production
of a variety of reaction coronas involving the formation of garnet
along with recrystallisation of quartz-feldspar masses (Sheraton et al,~
1980; Black et al. (in press)). Such retrograde metamorphic effects
are also related to 03- and post-D3 shearing (Sheraton et al., 1980),
where amphibolite facies assemblages may develop, The metamorphic
effects associated clearly with D3 recrystallisation are termed M3 in
this thesis. Some metamorphic indicators such as zoning in minera~s
may be distinguished from M3 effects on the basis of a lack of recrysta:-
lisation. In the absence of unambiguous textural information on the
age of retrogressive reaction coronas with respect to 03, these
coronas or secondary assemblages can only be dated as post-D2, or, in
some cases, post-Dl. The formation of these 1atter secondary assembl-
ages may not be time-synchonous with M3 as defined above.
U/Pb, Pb/Pb and Rb/Sr geochronological studies (Black and James,
1979; James and Black, 1981; Black et al. (in press); Grew, 1978)
have establ i shed the exi stence of a major metamorphic event, corre~ated
with D3 and M3, at 2480 m.a. The geochronological work of james and
Black (1981) indicates an age of 3000-3100 m.a. for cooiing fol;owing
the major deformation - metamorphic episodes which produced the granu-
lite mineral assemblages and pervasive microstructures in the Napier
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provi nce (01 -02 and Ml -M2) . Further isotopic age dati ng (Bl ack et az' ~
in press) supports this 3000 m.a. age for early high grade events
at Fyfe Hills (figure 5.1), although recent results from Mt. Rilser
Larsen may suggest a younger age of 2700 m.a. for 02. (Black, pers.
comm.).
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5.4 FIELD OCCURENCE AND GENERAL FEATURES OF PYROXENE GRANULITES
The two-pyroxene granulites considered in this chapter occur in
two major field associations:
(1) Widespread concordant two pyroxene + p1agioc1ase± kfe1dspar ±
quartz + i1menite gneisses which occur bot~ in the massive sequence
(Ragg&tt Series) and interiayered with aluminous and quartzitic meta-
sediments (Sheraton et al.~ 1980; James and Black, 1981) of the Tu1a
Series. These two-pyroxene gneisses are clearly an integral, syngenetic,
part of the enclosing sequences. Such gneissic layers may be hundreds
of metres thick. These two-pyroxene gneiss layers may be massive
but often some fine-layering into pyroxene richer- and pyroxene-poorer
(plagioclase rich)-bands is developed on scales of lcm to lOcm.
Occasionally pyroxenitic layers «3cm) or coarse aggregates occur.
Elongation of these aggregates define a poorly developed lineation
which is parallel to sillimanite and other mineral elongation linea~ions
developed in metapelites. Mesoscopic tight and isoclinal F2 folds
are also developed within the layered two pyroxene granulites (e.g.,
Tonagh Island, Hydrographer Island. I~t. Charles). T:lese featl!res
indicate that these two-pyroxene granulites have shared the same
structural history as the metapelities.
In the field, distinct two-pyroxene-feldspar granulite :ithologies
may be recognised on the basis of the overall modal abundances of
pyroxenes compared with fe1dspar± quartz. Thus, these grai1ul ites may
range from mafic two-pyroxene granulites, where pyroxenes comprise
most of the rock, to felsic (leucocratic) two-pyroxene granulites
whose pyroxenes occur as scattered grains in essentially quartz-
feldspathic rocktypes. Intermediate pyroxene granu1ites with near
equal modal abundances of pyroxenes and feldspars also occur.
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(2) Locally common but usually minor ultramafic pyroxenitic or
websteritic (± minor plagioclase) boudins, layers and lens2s occurring
mostly within the layered sequences. These bodies rarely exceed 2
metres in thickness and may be up to 10 metres in length. Such
boudins are often characterised by very coarse grainsizes (pegmatit~c
varieties lcm-IOcm grains) in the cores of the bodies. On boudin
margins and in Ilpressure shadows", extensive re:rystall isaLon of t:1e
coarse pyroxenes to finer grained (.5cm - 1mm) websteritic granu;ar
gneiss is common.
These pyroxenite bodies include both diopsidic, bronzitic a~d
websteritic magnesian rocktypes, and iron-rich rocktypes which may
contain primary Fe-augite, Fe-hypersthene or Fe-pigeonite. Evidence
ha s been pre sented e1sew here (Ell is. 1979 ) fo r the pre ,·metamor pr. i c
origin of at least some of the magnesian pyroxenites as cumulate ultra-
ma f ic bod i es .
(3) In addition, two-pyroxene granulites have developed from some
cross-cutting basaltic dykes which have intruded prior to or during 03.
Such dykes (e.g. at Tonagh Is., Hydrographer Is., and Fyfe Hills)
have suffered extensive recrystallisation to very fine « .lmm)
2 pyroxene + plagioclase ± hornblende±quartz assemblages during M3 or
a later overprinting metamorphism.
Olivine-bearing websteritic granulites have formed from the meta-
morphism of early magnesian ultramafic dykes in the Mount King area
(sample 4095) and at Zircon Point (sample 49408). These metamorphosed
dykes (?) have been termed Bl dykes by Sheraton et al. (1980).
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5.5 PRIMARY METAMORPHIC ASSEMBLAGES
I. PETROGRAPHIC AND TEXTURAL FEATURES
(a) Two-Pyroxene + plagioclase (± qz ± kspar ± hbl ± ilm) granulites
Primary mineral assemblages in these rocktypes range from quartz-
absent to quartz bearing types, with quartz bearing types being more
feldspathic. Characteristic primary mineral assemb~ages include:
opx + cpx + plag ± ilm ± hbl (mt may occur)
opx + cpx + pl ag + il m± kspar + quartz
opx + cpx + hb1
opx + cpx + plag
cpx + plag ± minor opx.
These mineral assemblages are believed to reflect, in general>
different initial bulk rock compositions in terms of X bulk CaMg ,
contents, and silica saturation.
Coarse grained (.5 to 2mm) lobate &nd polygoila1 granuloblastic
equigranular textures are typical of most samples. In some cases
(e.g., 3508, 3593), particularly in well layered samples, pyroxenes
and feldspars may show some dimensional orientation parallel to
layering. In leucocratic varieties, which may contain quartz and
K-feldspar, primary elongate textures may be preserved in the felds-
pathic layers. Such elongate textures are, however, often overprinted
by later fine recrystallisation attributed to 03, These effects will
be discussed in section 5.6.
Pyroxenes are usually anhedral to subhedral with lobate to poly-
gonal grainboundaries. Orthopyroxenes are pleochroic from pink and
brown to yellow-green or pale green. Clinopyroxenes are usually pale-
green to medium green, and may be pleochroic to yellow-green.
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Clinopyroxenes in a metagabbro at Fyfe Hills (49464) are de2p green
and strongly pleochroic to medium green.
Exsolution lamellae are often strongly developed particular~y in
clinopyroxenes. Apart from the common pyroxene lamellae, rutile or
ilmenite exsolutions may also be developed. Pyroxene exsolution
lamellae are typically elongate blebs or thin (10 m) continous lamellae
mainly restricted to cores of individual grains.
Plagioclase is usually granoblastic polygonal to \obate where
primary textures have not been affected by later recrystallistation.
Multiple twinning and optical zoning are common features. In the
leucocratic granulites, lobate Kfeldspar and q~artz occ~r with the
plagioclase. In most samples, Kfeldspar and quartz are recrystallised
(section 5.6) and have sutured grain boundaries,
The granoblastic textures characterist~c of primary assemblages
indicate textural equilibrium, attained largely during a period of
post-deformational crystallisation. This static recrystallisation may
be correlated with a thermal peak closely postdating 02 (James and
Black, 1981). Earlier (Ol?) textures are rare, however strongly poikilo-
blastic coarse (4mm-6mm) clinopyroxene in 4510 from Fyfe Hills may re-
present an earlier pre-tectonic (pre-02) porphyrob12st which has
partially survived the static recrystallisation event,
(b) Pyroxenitic granulites from boudinaged layers
Primary mineral assemblages in these rocktypes include:
bronzite + diopside ± minor plag + mt
Fe- pi C1eonite ± pl ag ± qz + mt
subcalcic Fe-augite ± plag
cpx + garnet ± quartz ± pl agiocl ase + mt
opx + cpx + garnet± hornblende± plagioc~o.se± mt
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Assemblages in which primary garnet is absent range from granulobiastic
polygonal coarse (lmm-4mm) grained websterites to very coarse grained
(5cm-l0cm) single pyroxene rocks. These latter rocks consist almost
entirely of subhedral to euhedral primsatic pyroxene grains which may
become anhedral and form a granuloblastic texture in some rocks.
Interstitial plagioclase, lobate magnet~te and sometimes quartz c:~ut
with the primary pyroxene.
Original pigeonite or subcalcic clinopyroxene ~n the iron-rich c
garnet-absent, primary assemblages contain an ear1y generation of
pyroxene exsolution lamellae which are kinked by later deformation
and cut by garnet lamellae which appear to have formed during th~s
later deformation. These textures are described in section 5.6.
Primary metamorphic garnet occurs with orthopyroxene, c1inopyro-
xene,magnetite and sometimes horn~ende, and plagioclase in garnet
pyroxenites from Gromov Nunataks (4818), Demidov Island (45S8) and from
other localities south of Amundsen Bay (Sheraton et aZ.~ 1980; Ellis
(in press); (e.g., Wyers ice shelf, Edward Is., 4596). Primary meta-
morphic textures in these rocks are granuloblastic po1ygJnai
and equigranular. Superimposed upon these textures are a vari2ty of
later exsolution features resulting in the formation of seco~d generation
garnet, orthopyroxene, clinopyroxene and magnetite, Furth2t COiona
textures involving hornblende and plagioclase are developed in 4598.
(section 5.6).
Iron and manganese rich garnet-clinopyroxene (or pigeonite)-quartz
-magnetite primary metamorphic assemblages occur associated with the
more magnesian pyroxenitic layers in some boudins. Primary metamorphic
textures in these ga + cpx + qz rocks are generally po~ygonal to lob~te
granuloblastic. Clinopyroxenes usually contain abundant exsolution
'i 55.
lamellae, which may be kinked by later a deformation responsible
for the production of recrystallised ga + opx + qz assemblages
(e.g., 49461,3929).
11. MINERAL CHEMISTRY
Chemical data for coexisting orthopyroxene and c',bopyrox,ene
from the two pyroxene granulites are presented in Table 5.2. In
addition , compositional data for primary metamorphic and secondary
recrystallised garnets in the pyroxene granLAlites is summarised in
Table 5.3.
All chemical analyses have been obtained by energy dispersive
electron microprobe microanalysis, performed using a JEOL-50A
electron microscope attached to an EDAX energy dispersive system.
All phases were simultaneously analysed for ten elements (Na, Mg, Al,
Si, K, Ca, Ti, Cr. Mn, Fe). All corrections were pe~formed by the
TAS-SUEDS data reduction programme (Griffin, 1980).
In each sample, between six and twenty analyses have been per-
formed on each phase. Both cores and rims, as well as internal zones
and exsolution lamellae, of individual grains and coexisting grains
have been analysed. Data presented in Tables 5.2 and 5.3 for core
and rim compositions are based on a number of chemical analyses of
the cores or rims, and represent the averages of clusters of analyses
(in the case of rims) or end-points in rim to core compositional
zoning patterns. In samples showing recrystallisation textures (see
below, 5.6), particular attention has been focused upon the delineation
of zoning in the individual phases (e.g .• 49464). Area scans (~500Jlm2)
using a defocused electron beam, have been performed on pyroxenes
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where exso1ution has been extensive in order to estimate the pre-
exso1ution compositions of the pryoxenes.
Coexisting pyroxenes, and both primary (4818, 4598) and secondary
(in 4818, 4598, 4510, 4509, 4520, 4704, 4359, 4092) garnets are
plotted in the Ca:Mg:Fe diagrams of figures 5.2 to 5.7. L0ca1it~es
corresponding to the sample numbers are listed in Table 5.2. In thes2
diagrams, pyroxenes have been adjusted by the extraction of non-
quadrilateral components or end-members (e.g., CaTs, MgTs, Mn 2Si 205,
jadeite, CaTiA1 206) and then plotted. Thus, for pyroxenes, these dia-
grams are equivalent to Wo:En:Fs diagrams. For garnets, the diagrams
are analogous to grossu1ar:pyrope:almandine plots. The variable
spessartine contents of garnets are thus not represented.
. bulkThe two-pyroxene prlmary assemblages span a range of XMg from
.90 to .60. based on the compositions of the coexisting pyroxenes
(Figures 5.2 to 5.5). Single pyroxene pigeo~ite or subca1cic
clinopyroxene initial metamorphic assemblages are restricted to iron
rich rocktypes (figure 5.3, 5.4) with x~~lk less than ,50, or to
highly calcic ormangcniferous rocktypes (see below).
(a) Two-Pyroxene ± plagioclase ± quartz granulites
(1) clinopyroxenes.
Cl inopyroxene compositions from both the two-pyroxene + p1agio···
clase gneisses and the websteritic boudins lie almost wholly within
the pyroxene quadrilateral, with only minor contents of Al, Ti, Na.
Mn and Cr present.
Cl inopyroxenes consi st of >80% diopside-hedenbergite· sol id
solutions (e.g., figures 5.2 to 5.7). x~~x varies froffi 93 in
plagioclase-free websteritic boudins (3578), to 55 in a quartz-i1men~te
-plagioclase bearing feldspathic pyroxene granulite (49412). Most
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two-pyroxenes-plagioclase granulites contain clinopyroxenes with
x~~x in the range .80 to .60, with the more feldspathic varieties gener-
ally containing 1ess magnesian cl inopyroxene. Quartz-beariilg two-
pyroxene granulites contain the most Fe-ric:l clinopyroxenes(e.g. 49412)
but x~~x values in these quartz-bearing rocks overlap with those of
the quartz-absent pyroxene granulites (e.g., quartz bearing types
3508, 3565, 3593,4008,4521, 4525). Cr and Mn contents are lo~
(CaCr2Si06 ~ .8 mol%; Mn 2Si 206 ~ 1 mol%; or Cr202 ~.6 wt%,
MnO ~ .6 wt%). Ti02, and hence CaTiA1 206 molecule. are also only minor
except in some clinopyroxene cores where exsolution has not been
marked (CaTiA1 206 < 1 mol% but up to 2 mol%, .6 wt%, in some cores).
Na contents of clinopyroxenes are negligible, often below EDAX
detection limits or only up to .5 wt% Na 20 (Jd < 4 mol%). On the other
hand, the clinopyroxenes contain between 2 and 9 mol% Ca A1 2Si05 (Cai-
cium-tschermaks) molecule. The CaTs content of c1inopyroxene in
equilibrium with plagioc1ase and quartz is a usefu! geobarometer (e.g.,
Ellis, 1980; Wells, 1979; Wood, 1976), and may be app1-ied to the
quartz bearing assemblages in this study. In plagioclase bearing
assemblages, the CaTs contents of c1inopyroxenes tends to increase
with increasing anorthite in the plagioclase (Figure 5.13).
Orthopyroxene exsolution lamellae a~e common within clinopyroxenes
from many samples. Analyses presented as end points on orthopyroxene-
clinopyroxene tie lines in Fig. 5.2 -5.7 are actually exsolved c1ino-
pyroxenes, while less calcic clinopyroxenes are plotted along such tie
lines. Cores, area scans, and unexsolved clinopyroxenes are generally
more Fe-rich and less calcic than exsolved or rim cl~nopyroxenes.
the latter also often containing lower CaTs contents. In samples
where secondary garnet has not formed and no evidence of a discrete
lower temperatureevent is present, clinopyroxenes may show marked
Ca
Fe
40
'"
M
g F
ig
5,
4
Co
m
po
sit
io
ns
o
f
py
ro
xe
ne
s
an
d
ga
rn
et
s
(la
be
lle
d
11
2"
)
in
sa
m
pl
es
o
f
py
ro
xe
ne
gr
an
ul
ite
s
ho
m
th
e
N
ap
ie
r
pr
ov
in
ce
,
En
de
rb
y
La
nd
.
Py
ro
xe
ne
a
re
D
i-H
d-
En
-F
s
en
d
m
em
be
rs
o
n
ly
.
pi
g
•
•
•
pr
im
ar
y
m
et
am
or
ph
ic
pi
ge
on
ite
in
43
59
,
o
th
er
py
ro
xe
ne
s
an
d
ga
rn
et
in
th
is
sa
m
pl
e
a
re
se
co
n
da
ry
(re
tro
gr
ad
e)
pr
od
uc
ts
.
Sy
m
bo
ls
:
•
45
25
,
0
45
21
,
A
43
19
,
0
43
59
,
D.
45
20
,
•
47
04
.
I--
'
O
'l
o
161
zoning and exsolution as evidence of higher metamorphic temperatures
followed by prolonged cooling [e.g., 3593, 3596; 4505 (Fig. 5.2);
3517, 4545 (fig. 5.3); 4521 (fig. 50 4); 49458 (fig. 5.7(a)J
The increase in calcium content of clinopyroxene coexisting with
orthopyroxene, due to mutual exsolution represents a widening of the
two-pyroxene "solvus" gap and thus, qualitativelY, indicates cooling.
Temperature estimates for the highest T cores and area scans, as wei1
as the lower T rims and exsolved clinopyroxenes, will be ~resented
in section 5.7. These estimates are based on various calibrations
of the two-pyroxene thermometer (Wood and Banno, 1973; Wells" 1977;
Mori and Green, 1978; Henry and Medaris" 1980).
Exsolution lamellae and zoning to more calcic rims is aiso common
in samples where secondary garnet has formed (e.g., 4093, 4094 (fig.
5.3); 4704 (fig. 5.4); 4510 (fig. 5.7(b)). In these samples,
however, it is necessary to distinguish recrystallised cl 1 nopyroxenes
from earl ier cl inopyroxene porphyroblasts. The 1ines conilect-;ng
second generation clinopyroxenes and orthopyroxenes do not necessarily
pass through the earlier, less calcic, clinopyroxene compositions as
garnet has formed along with the secondary pyroxenes. The formation
of secondary garnet in these basic to intermediate pyroxene granulites
will be discussed in section 5.6.
(2) Orthopyroxenes
Orthopyroxenes from the two-pyroxene granulites are esse~tially
enstatite-ferrosilite solid solutions ranging in x~~x from.86 (bronzite)
to .45 (hypersthene). Most samples contain orthopyroxenes with x~~x
between.70 and .50. x~~x is invariably less than the magnesium numbe~
of the coexisting clinopyroxene.
The only non-quadrilateral components calculated in the ortho-
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pyroxenes are Mn ZSi Z06 and MgAl zSi06 (MgTs). Mn ZSi 206 r~nges up to
Z mol% (= 1.3wt%MnO), while MgTs is in the range 1-6 mol% (z.5 to 3
wt% A1 203). A1 203 contents of orthpyroxene increase with increasing
Anorthite in coexisting plagioclase, and increasing A1 203 in clino-
pyroxene.
All orthopyroxenes are low in Ca « 2 mO'i% Wo), although ortho-
pyroxene cores and area scans of exso!ved grains have higher wollaston-
ite contents (e.g., 4505, 3515, 3508, 4095). These more calcic ortho-
pyroxenes are inferred to have coexisted with the lowest calcium
clinopyroxenes in their respective samples, at higher temperatures
than would be calculated for coexisting rim compositions.
(3) Other phases
Fine spinel (X~~ =.27, CrZ03 = 14 wt%) and interstitial lobate
olivine (X~~ =.64) occur with clinopyroxene and orthopyroxene in the
magnesian, feldspar free pyroxenitic sample 4095.
Early or primary metamorphic hornblende coexists with two pyroxenes
in a number of samples (Table 5.Z). These amphiboles are aluminous
(A/AFM=ZO), and contain appreciable Na 20 and KZO (NaZO up to 3 wt%.
K20 up to 1.2 wt%). Most amphiboles plot between hornblenae and
pargasite on the diagrams of Figure 5.8. The samples in which pri-
mary amphibole is important are mainly restricted to localities occur-
ring in the Rayner Complex.
Compositions of plagioclase coexist'jng with pyroxenes in individual
samples are given in Table 5.2. All fe1dspars are plotted on the
CaNaK (An:Ab:Or) diagram of Figure 5.9 , from which the wide composi,
tional range is obvious.
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(b) Garnet + clinopyroxene + o'rthopyroxene ± plagioclase assemblages
(4817,4818,4596,4598)
Compositions of coexisting primQry metamorphic phases and second-
ary or recrystallised phases ;1 these assemblages are p10tted in
Figure 5.6 (a) and (b),
Early metamorphic clinopyroxenes exhibit marked exsolution of
orthopyroxene, garnet, opaque and plagioclase. Compositions of these
clinopyroxenes which correspond to the highest metamorphic grades are
based on integrated area-scans of individual grains. Such reconstructed
primary metamorphic clinopyroxenes are aluminous (XCaTs = .08 to .12
mol%, A1 203 up to 6 wt%), low in Na 20, and may contain up to .70 wt%
Ti02. x~~x is in the range .65~70j and wol:astonite contents are
usually 40 mol%. These primary clinopyroxenes are essentially diop-
sidic, with appreciable solid solution of Calcium Tschermaks molecule
Cl inopyroxenes are strongly zoned rimt,Jards to higher wol1astonite
contents and more magnesian compositions (Fig. 5.6). The rim compos~-
tions of clinopyroxenes are discussed in section 5.5(4). It should be
noted here that exsolved clinopyroxene lamellae within individual
grains approach the rim compositions and secondary clinopyroxene
compositions depicted in Figure 5.6.
Early orthopyroxenes have lower Mg-numbers than coexisting clino-
p~oxene (X~~x = .59-.67), but lie essentially on the pyroxene quadri·-
lateral as other end-member molecules are virtually absent. Exsolut1or
lamellae of clinopyroxene and magnetite are developed.
Orthopyroxene coexisting with early clinopyroxene in 4818 is
considerably more magnesian than that in 4598, resulting in signifi-
cantly lower KDoPX-CPx for the former sample. This contrast may be
Fe-Mg
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Napier province,
A. 4818 Gromov Nunataks
B. 4598 Demidov Island
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related to higher temperatures of equilibration for the primary ga +
cpx + opx assemblages in 4818. Early-formed or primary metamorphic
garnets in each sample are essentially almandine-pyrope-grossular solid
solutions with spessartine contents below 1.5%. Grossular contents
are in the range X~: ~ .16 to .18, while X~~ ranges from.39 in 48i8
to .30,36 in 4598. Strong rimward zoning to higher X9C~ and lower XM9ac.; 9
accompanies the growth of new garnet as recrystallisec gra~ns and
exso1ved b1ebs .
Minimum KO ga-cpx values derived from core compositions of garnet
Fe-Mg
and clinopyroxenes are in the range 3.45-3.64 for 4598 and 4818,
indicating similar temperatures of formation in contrast to the
Koopx-cPx values for the same rocks. Temperature estimates based on
Fe-Mg ga-opxKoga-cpx , and on KO (= 3.2 to 2.6) will be presented in
Fe-Mg Fe-Mg
section 5.7.
Additional primary phases include plagioclase (An80 cores),
ilmenite (X~~m =.11), and pargasitic amphibole (figure 5.8).
Amphiboles are intermediate in Mg number between clinopyroxene and
orthopyoxene (X~mPh = .63 - .67), and are titaniferous
9
(Ti02 = 2 - 2.6 wt%).
(c) Iron-rich pyroxene ± plag ± qz assemblages
Two samples, 4092 (Ward Rocks) and 4359 (Zubchatyy) consist
mainly of primary metamorphic Fe-rich pyroxene (XMg = .24~25) coexisting
with quartz,plagioclase (XAn = 67 in 4359) and ilmenite (XMg ~04).
Original metamorphic pyroxenes are pigeonites now inverted to ortho-
pyroxene, with Wo contents of 7-9 mol%, and very low Mn, and A1
contents. These pyroxenes contain abundant thin exsolution lamellae
(lO-20~m) of clinopyroxene in a 10w~Ca orthopyroxene host (figures
5.3,and 5.4). Exsolved clinopyroxenes are Fe-rich (XMg = .35~34)
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diopside-hedenbergite solid solutions with Wo contents of 40-43%.
Orthopyroxene hosts are very Fe-rich (XMg =.23~25), containing
negligible Mn and Al. The compositions of original metamorphic pigeonite
lie on the tie lines connecting exsolved clinopyroxenes and ortho-
pyroxenes in 4092 and 4359. In addition, analyses representing
clinopyroxene - orthopyroxene mixtures on edges of exsolution lame11ae
(particularly 4359) lie on tie lines from the origina~ pigeonite
composi ti on.
Temperature estimates for these samples}based on two-pyroxene
thermometry, are presented in section 5.7. As exsolution compositions
are used in these estimates, the reported temperatures are minima and
do not correspond to the temperature at which pigeonite was stable
prior to cooling.
(d) Fe-Mn rich garnet-clinopyroxene - guartz - magnetite samples
(49461 )
Coarse grained (to 5mm) polygonal to lobate granuloblastic ga +
cpx + mt + qz form the primary metamorphic assemblage in 49461. This
texture is overprinted by a number of subsequent effects including
recrystallisation, discussed in section 5.6(1).
Original coarse clinopyroxenes are very subcalcic (Wo = 30-25)
iron rich (XMg = .57), and rich in manganese (MnO - 3 wt%). Analyses
of these pyroxenes, obtained by area scans (400~m2) to incorporate
the extensively developed orthopyroxene exsolution lamellae, are
iron- (X~~ = .19) and manganese-rich (MnO = 10.5 wt%,
. 24) garnets which also contain appreciable grossular
illustrated in Figure 5.7(a). These clinopyroxenes coexist with
Xga .
spessartlne
ga _ )(XCa - .20 .
=
K ga-cpx values of 5.6 are obtained .from the compositions of cl ino-
DFe-Mg
pyroxene areas and garnet cores, in contrast to the higher values of
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Fig. 5.7 Ca-Mg-Fe diagram illustrating compositions of
pyroxenes (quadrilateral components only) a~d
secondary garnets in samples from the Fyfe
Hills. Compositions of subcalcic (Mn-rich)
primary metamorphic clinopyroxene in 49461
are indicated by area scan analyses. Calcic
samples 49464 and 4509 do not contain orthopy-
roxene.
a. samples from the Fyfe Hills Russian
geochronological site.
b. samples from other sites in the Fyfe
Hills.
Symbols Di •.• diopside
Hy .•• hypersthene
Ga ••• garnet
A.
C
A
B.
C
A
•
4
9
4
5
8
.
.
.
4
9
4
6
1
pr
im
ar
y
A
ra
c
ry
st
al
liz
ed
.
.
4
5
0
9
•
4
5
1
0
.
.
4
9
4
6
4
FE
G
a
..
.
Hy
D
i
~.H
>
FE
G
a
G
a
ri
~~
~
c
o
re
H
y
.
.
\~ i\
"'
-
"~
ct
2:
'
.
.
.
"
rim
.
.
re
Di
a
re
a
sc
a
n
s
M
G
169
Kga-cpx (10.4) obtained from rims and recrystallised grains in
DFe -Mg
this sample.
(e) 49464 Metagabbro (cpx-plag primary metamorphic)
Clinopyroxene occurs as elongate, rodlike aggregates of granular
polygonal grains in a well layered cpx-plag metagabbro from Fyfe Hi1ls
(Black et aZ.~ in prep.). The excellent layering and lens shaped cross
sections of numerous clinopyroxene areas have been interpreted as de-
formed cumulate structures, and are similar to textures described in
metagabbros from Fiskanneasett, Greenland.
Primary metamorphic clinopyroxene, which coexists with calcic
plagioclase (An 72), is iron-rich (X~~x =.47) and contains up to 9.5%
CaA1 2Si06 component (~ 5 wt% A1 203). (Figure 5.7(a) and 5.12) In
addition,clinopyoxene cores may contain minor (~ .7 wt%) Na 20, Ti02
and MnO.
The coexistence of primary aluminous clinopyroxene and plagioclase
in this sample allows estimation of maximum pressures of formation of
primary metamorphic assemblages.
Ill. GENERAL FEATURES
Combining the mineral chemistry data from primary metamorphic
assemblages of all associations (section 5.511), the two pyroxene
assemblages span a wide range in x~~lk In general, tie line orienta-
tions between opx and cpx are consistent, forming a fanning pattern
with few cases of crossing tie lines. The geographically distinct
samples 3565 and 3566, which are from a locality within the Rayner
Complex, and the sample 4319, contain coexisting pyroxenes on tie lines
which cut across the general pattern. This discordance is probably
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Fig. 5.9 Ca-Na-K (~n-Ab-Or) diagram illustrating compositions of
feldspars coexisting with pyroxenes in pyroxene
granulites from the Napier province.
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related to different P-T conditions of formation.
In all assemblages, x~~x is greater than x~~x, and a consistent
distribution of Fe and Mg between coexisting pyroxenesin most samples
is indicated (figure 5.10). In figure 5.10 x~~x is plotted against
x~~x for all samples and compared with the data of Davidson (1968) for
two pyroxene granulites from Western Australia. The data from Enderby
Land lie, in general, between the envelope of Oavidson1s data (800°C?)
and the X~~x = XC px 11' neFe . This result can be interpreted to indicate,
qualitatively, higher temperatures of formation for the two pyroxene
assemblages from Enderby Land (e.g., Kretz, 1963).
KOOpx-CPx is plotted against x~px for the garnet-absent primary
Fe-Mg g
metamorphic two-pyroxene assemblages in figure 5.11. Most KO data,
with error brackets included, are in the range 1.5-2.0. KO data from
Fyfe Hills and some localities marginal to the Rayner Complex are among
the higher KO values, while samples from the Amundsen Bay-Mount King
area generally have lower KO values (1.5-1.8) and thus may indicate
slightly higher temperatures of formation (Kretz, 1963). For the major-
. f 1 0 px -c px 1 f 1 b d'1ty 0 samp es, a KO va ue 0 .65 ±.2 may e extracte Wh1Ch
Fe-Mg
is not singificantly dependent upon X~~x Previous investigators
(Binns, 1962; Oavidson, 1968; Scharbert and Kurat, 1974) have found
that KooPx-cPx increases with increasing X~gPX above a value of X~px
Fe-Mg g
of .6. These investigations were based on a comparatively large number
of samples from small areas where P-T conditions could be assumed to
be constant. Oata obtained over a wider area studied herein do not
permit the isolation of such X~~x dependencies. The Koopx-cpx range
Fe-Mg
and average value falls within the range of granulite facies KO values
summarized by Kretz (1963) and Saxena (1968).
Core and rim or exsolution analyses of primary pyroxenes from all
.8
.6
.4
.2
o .2 .4 ~.0
173
.8
Fig. 5.10 Distribution of Fe-Mg between coexisting pyroxenes in
two-pyroxene granulites from Enderby Land, Antarctica.
(solid circles}. Arrows indicate core to rim variations
in x~~x • Open triangles are the two-pyroxene data of
Davidson (1968) for granulites from w~stern Australia.
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granulite samples from the Napier province. Average
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associations are distinguished in the quadrilateral plot of figure 5.21,
which shows the widening of the diopside-orthopyroxene IIso1vus" gap \'/ith
cooling from Tmax and the consistency of this result between samples
from a broad area.
The distribution of A1 203 between pyroxenes is shown in figure 5.12.
In plagioclase (± quartz) bearing, garnet absent assemblages, alumina
favours clinopyoxene over orthopyroxene. Despite scatter probably
resulting from variation in other components and from real P-T differ-
ences between samples, X~~~s is consistently greater than X~~~s
(X~~~s ~ 1.4 X~~~s) in contrast to the results of experimental work
in~rnet-bearing peridotite systems where XCaTs ~ XMgTs (e.g., Perkins
and Newton, 1981; Obata, 1976). Wilson (1976) reports higher A'203
d lIV. 1 . h'" h .an A ln c lnopyroxenes, t an ln coexlstlng ort opyroxene In two-
pyroxene granulites from Fraser Range, Western Australia. Wilson's
results, and analyses of pyroxenes from two-pyroxene granulites from
other areas (e.g., Jan and Howie, 1981; Scharbert and Kurat, 1974;
Davidson, 1968), are in agreement with the A1 203distribution shown in
figure 5.12. Generally, the MgTs and CaTs contents of the respective
pyroxenesincrease with increasing anorthite content in plagioclase,
despite significant scatter in the data and the dependence of this
result upon a few high-An Samples (figure 5.l3(a) and (b)). These
effects and correlations can be explained by the reactions
CaA1 2Si06 + Si02 = CaA1 2Si 208 (1)
CaTs qz anort hi te in
in c1inopyroxene plagioclase
and
Mg 2Si 206+ CaA1 2Si06 = CaMgSi 206 + MgA'2Si 06 (2)
operating at constant P and T but at variable x~~ag As xplag increases,An
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plagioclase in pyroxene granulites from the Napier province
a. orthopyroxenes
b. clinopyroxenes
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then by reaction (1) at constant silica values X~~~swi11 increase.
The increase in X~~~sleads to a correlated increase in X~~~s through
reaction (2).
As reported by previous workers on pyroxene granulites (e.g.,
Wilson, 1976; Jan and Howie, 1980; Scharbert and Kurat,
favours orthopyoxene (figure 5.12), to the extent that
for pyroxene granulites from Enderby Land.
1974) Mn strongly
Mn oPx
'::: 2.5
MncPx
179
5.6 RECRYSTALLISED OR SECONDARY METAMORPHIC ASSEMBLAGES
The various pyroxene granulites described above (section 5.51)
al I show some form of P-T evolution,be it in the form of exsolution
lamellae or minor zoning within primary pyroxene grains which indicate
some cooling from metamorphic peak conditions; or in the form of
reaction coronas or recrystallisea textures. This section deals prin-
cipally with assemblages formed by recrystallisation or reconstruction
of the original metamorphic fabric, and hence the term "secondary
metamorphic assemblage" refers to those mineral assemblages typical
of coronas on earlier phases or of recrystallised polygonal masses.
In many instances (Black et aZ.~ in prep; Black and James, 1981),
recrystallisation and corona formation can be linked with 03 recrystal-
lised textures (section 5.3) in other rocktypes. Thus, many of the
textures to be described below and many of the newly formed assemblages
are regarded as 03 and post-D3 ( ~ 2500 m.a.) in age, although some
may be related to still younger shearing events. This age-structure
(deformational) constraint on the timing of formation of the secondary
assemblages (= M3 during and after 03) allows the regional P-T condi-
tions in the Napier province to be assessed for an event occurring some
500 m.a.-300 m.a. after peak granulite facies metamorphic conditions,
and allows the possible rates of uplift of the Napier "shield" region
to be inferred.
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TYPES OF REACTION TEXTURES AND ASSEMBLAGES
(1) 49461 - Fyfe Hill s
The primary iron- and manganese-rich metamorphic assemblage
opx + ga + qz + magnetite has been partially recrystal1ised to much
finer grained ( <.2mm) cpx + opx + qz + magnetite ± gamet with the
growth of polygonal masses of cpx and opx. Textura~ evidence indicates
a complex history for this rock.
(i) primary coarse granuloblastic ga-cpx-qz-mt;
(ii) exsolution of coarse abundant pyroxene lamellae;
(iii) deformation of the coarse garnet + exsolution pyroxenes
resulting in the kinking of lamellae, undulose extinction,
and breaking up of grains with subsequent migration of
magnetite;
(iv) partial recrystallisation of the assem~age to finer
grained polygonal granoblastic pyroxene-quartz+garnet
masses along grainboundaries and in broken up areas;
(v) further minor cataclasis, with the formation of undulose
extinction in recrystallised grains.
The recrystallised event (iv) is correlated with syn- and post-
deformational recovery during 03.
Compositions of secondary garnet, clinopyoxene and orthopyroxene
are plotted in figure 5.7(a). Recrystallised pyroxenes have high MnO
contents distributed favourably towards orthopyroxenes. Typically,
orthopyroxene contains 4.5 wt% MnO (M~~:Si206 = .077), while ciinopyro-
xene contains l.7 wt% MnO (XM~~~i206 = .030). It is evident from a
plot of x~~roxene against Wo contents or x~~roxene (figure 5.14), that
the original subcalcic clinopyroxenes have recrystallised to the
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Fig. 5.14 Manganese contents of pyroxenes, expressed in mol%
Mn2Si206 ' in 49461 from Fyfe Hills.
.. area scan compositions of primary cpx
• compositions of secondary exsolved and
recrystallised pyroxenes.
a. variation of Mn with xpyroxene
M9
b. variation of Mn with calcium contents of pyroxene
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secondary opx-cpx assemblage essentially by exsolution and further
re-equilibration of the exsolved species, without significant partici-
pation ofMn-rich primary garnet. Secondary cl inopyroxene is calcic
(Wo44), and has maximum x~~x val ues of .65-.67. Coexi sting orthopyroxene
is less magnesian (X~px = 50), producing q~ite high KDopx-cpx values
g Fe-Mg
of 1.9 ± .1. These high KO values are in accord with lower temperatures
of formation. Garnet rims and rare fine recrystallised garnets, are more
Fe- and Ca-rich than primary metamorphic garnet (X~~ = .15-.16, x~: =
.22) while still being rich in MnO (10.6 wt%, x~~ = .25). Resultant
va1ues of K ga-cpxDFe-Mg for the secondary assemblage are 10-11, also
indicating a marked decrease in temperature (at constant x~: and X~~)
from that of the primary assemblage.
Zoning relationships and the expansion of the three phase triangle
in figure 5.7(a) indicate the general reaction:
c px 1 + ga 1 cpx 2 + opx 2 + ga 2
low Ca,
hi Mn
Mn,
Ca rie h·
Fe rich
hi Ca, hi Mn
low Mn Fe-Mg
Mg ric her opx
Mn,Ca rich.
Fe ric her
leading to the formation of the observed assemblages. The P-T condi-
tions of the recrystallisation estimated from mineral compositions,
will be presented in section 5.7.
(2) Coronas in 49464
Clinopyroxene-plagioclase is rimmed by almost continuous coronas
of lathlike subhedral garnet (.05 mm wide), polygonal and subhedral
sphene, and rod-like quartz (figure 5.16). Clinopyroxene is conspicu-
ously zoned adjacent to these rims (figure 5.15, figure 5.7(a)),
becoming more magnesian (X~~x =.53 maximum), and less aluminous
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(X~~~s= .069), but retaining a similar jadeite content to that in
the cores. Thus Jd/CaTs is higher in the rim compositions than in
unexsolved cores. Ti02 contents of the clinopyroxene also decrease
on the rims.
Plagioclase is weakly zoned to less a~orthite rich rims (An 72).
The garnet, formed as discrete coronas on zo~ed c:inopyroxene,
is very grossu1ar-(X~: = .44) and spessartine-rich (X~~ = .111), and
has a low Mg number (X~~ =.105). The compositions of this secondary
garnet and coexisting clinopyroxene rims yield a KD ga-cpx of 10 ± .5.Fer.'ig
The textural and mi nera1 zoni ng evidence i nd icate the fOY'mation
of garnet in this rock by the following reaction:
cpx 1 + pl ag = cpx 2 + ga + Sphene + qz.
hi Al , Anorthite low Al hi Ca,
hi Ca, low Ti Mn
hi Ti hi Ca
inferred to progress from left to right with a decrease in temperature.
Pl agiocl ase is inferred to participate in this reaction as clinopyrox-
ene core compositions lie below the garnet-rim-clinopyroxene tieline
of figure 5.15.
(3) Fe-rich pyroxene± guartz± plagioclase rocks
4092 and 4359
Very coarse polygonal to subhedral Fe-pigeonite grains described
in section 5.5. have undergone a complex subsequent deformation and
recrystallisation history:
(a) initial extensive exsolution of calcic clinopyroxenes
(Wo 40-43, x~~x =.35) and iron rich orthopyroxene (X~~x =.24) has
resulted in abundant tabular or continuous lamellae which traverse
185
Fig. 5.16 EXSOLUTION AND RECRYSTALLISATION TEXTuRES IN PYROXENE
GRANULITES FROM THE NAPIER PROVINCE.
cp ::: cl-inopyroxene
op ::: orthopyroxene
ga ::: garnet
pi =plagioclase
sph :::sphene
Horizontal bars .•.•.• scales as indicatea
A. Coronas of elongate, lathlike garnet, subhedral
sphene. and l~mellar quartz formed between earlier
Al-cpx and calcic plagioclase. Sample 49464~
Fyfe Hills Russian site.
B. Very coarse polygonal-subhedral grain of inverted
pigeonite with pyroxene exsolution lamellae
(horizontal lines} and cross-cutting elongate
garnet exsolved from the pyroxene (pyx}. Plagio-
clase also develops in the pyroxene, and garnet
may rim pyx-plag. Garnet post-dates pyroxene
exsolution. Sample 4092, Ward Rocks.
C. Similar to 5.16B. Coarse inverted pigeonite with
pyroxene lamellae (uertical lines) cut by later
garnet lamellae which form on kink-band boundaries
and adjacent to plagioclase. Magnetite (black)
and minor recrystallised cpx occurs with the
garnet. Sample 4359, Zubchatyy Ice Shelf.
D. Multiple exsolution products in primary aluminous
cpx in garnet pyroxenite.
black•.. ilmenite stippled ••• garnet
vertical lines ••• opx; clear •.••. ohost cpx.
Sample 4598, Demidov Island.
c Q.2mm
B
o
lmm
0.02 mm
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whole pyroxene grains. Compositions of exsolved pyroxenes are indicated
in figures 5.3 and 5.4.
(b) cataclasis and deformation of exsolved pyroxenes has produced
kinked lamellae, en echelon polygonal qu~rtz veins, and undulose
extinction within the coarse pyroxenes. Large pryoxene grains have
disaggregated, while quartz becomes undulose and has recrystallised
to fine polygonal masses;
(c) following the deformation (b), garnet has developed along grain
boundaries: as finger-like lamellae cutting across earlier pyroxene
exsolution lamellae; as subhedral grains with lobate ilmenite; or as
curved and irregular lamellae forming along cracks or kink-band
boundaries (figure 5.16(b) and lC)). Fine polygonal quartz, clino-
pyroxene and plagioclase, may develop with this garnet.
(d) further cataclasis in 4092 has disrupted some garnet lamellae
or rods (figure 5.16(b)).
The secondary garnets, formed exclusively on pyroxene, are
essentially almandine-grossular garnets (XMg ~06 o~08, Xgross = .2 -
.21) with minor spessartine (.2 mol % spessartine) and pyrope,
Koga-cPX , based on compositions of the most highly exsolved rim
Fe-Mg c
clinopyroxenes (i.e., XMgPx maximum) and the average garnet compositions,
are 6.6±.2 for 4092 and 7.9±.1 for 4359.
Zoning within the pyroxenes and the textural relationships
between garnet and pyroxene indicate that garnet formation is later
than and distinct from the exsolution of two-pyroxenes from the initial
homogeneous pyroxenes. Garnet generally has preferentially developed
along discontinuities but is always associated with pyroxenes. This
suggests that garnet has formed principally by exsolution and prefer-
ential nucleating from the bulk pyroxene:
inverted pigeonite
subcalcic,FeRich
some A1 203
garnet
calcic,
Fe ric h
187
+ (lower Ca Higher Mg)lower AI pyroxene
+ calcic cpx
A1 203 contents of the exsolved pyroxenes are slightly less t~an
those of the ear"ly pigeonite, in support ef t:le above reaction,
however plagioclase may be involved to provide the necessary calcium
and alumina. The close proximity of the original pyroxene bulk composi-
tions to the secondary clinopyroxene-orthopyroxene tie lines indicate
that little secondary garnet could form from the original pyroxene alone.
The secondary garnet is suggested to form in M3, during or post-
03. The deformation-kinking event (b) is regarded as being synchronous
with the time of boudinage, while later deformat~on (d) ~ay be related
to post-D3 shearing.
(4) Garnet Pyroxenites
Coarse polygonal-granular primary metamorphic ga + cpx + opx ±
hbl + plag + magnetite assemblages (4818, 4598) in these rocktypes
have been modified by a number of subsequent effects:
(a) Strong rimward zoning in clinopyroxene and abundant exsolution
lamellae (opx) in clinopyroxene cores results in secondary clinopyroxenes
which are much more calcic (Wo 45-46), more magnesian (XM9 =.75,76)
and less aluminous (XCaTs = .030 - .060) than primary metamorphic
clinopyroxene (figures 5.6(a) and (b)). Accompanying th"is strong zon-
ing and exsolution are the exsolution of ilmenite from both ciino-
pyroxene and primary hornblendes.
(b) Garnets also zone to more calcic (XCa = .2) and more iron-
ric h rims (XM9 = .30~28). In some cases these garnet rims re-grow or.
margins of earl ier coarse pyroxenes, along with saccharoidal nmenite
188
grains.
In 4598, garnet of lower x~~ (= .24) is exsolved along with ilmenite
and orthopyroxenes from a primary aluminous clinopyroxene (figure 5.16
(d)). Garnet of this composition also forms as r~ms on earlier pyro-
xenes and as symplectites with ilmenite, suggesting multiple 9rowth
of garnet. Two late generations of garnet may thus be recogn~sed in
4598: an earlier garnet formed by rimward zoning of pre-exist",ng
grains and some overgrowth on these grains; and a garnet formed as
discrete exsolution blebs and trail s in cores of cl inopy-roxene and as
fine grains on pyroxene rims.
(c) Plagioclase is zoned to more sodic compositions (An 50)
rimwards. In 4598, this zoning is marked (An 80 cores to An 50 rims),
but restricted to optically distinct plagioclase zones on the rims of
grains, sUCjgesting reqrowth of plagioclase as a result of
discontinuous reactions (see page 189 ).
These textural observations, and zoning data for the phases
(e.g., expansion of the ga-cpx-opx triangles in figure 5.6) indicate
the following reactions leading to the formation or readjustment of
garnet in these rocks:
(1) 0 px 1 + cpx 1 + gal ± pl ag = cpx 2 + ga 2 + opx 2
hi A1,
subcalcic
Mg richer An rich
calcic
low A1,
calcic
lower Mg
hi calcic
Ja reaction leading to the zoning in garnets and regrowth of some garnet
rims.
(2) c px 1 =
hi A1, sUbca1c ic
hi Ti02
cpx 2
low A1 ,
calcic
low Ti02hi Mg
+ opx 2
low Al
+ ga 2 + ilmenite
Fe-rich
calcic
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a generalisedreaction describing the formation of the exsolution
product present in clinopyroxenes of 4598 and the garnet-ilmen~te
simpl ectites.
As a resu~t of the rimward zoning ~n clinopyroxenes and garnets,
KD ga-cpx ii1creases rim\lJards in these assem01ages (KO = 8 for rims).Fe-Mg
Exsolved garnet compositions in 4598 yield still higher KO values (10),
These increases in Koga-cpx indicate a progressive decrease in
Fe-Mg
temperatures of equilibration, consistent with the decrease in A1 203
contents of clinopyroxenes towards rims (Ell is, 1979; Herzberg, 1978).
Simiiar textures and zoning patterns to these described above are
described for a garnet-cl inopyroxene from Wyers Ice Shelf, Amundsen
Bay (El1is, 1979 ), with the additional observatior of piQgiociase ~s
an exsolution product from clinopyroxene. The appa~e~t abse~c2 of plagio-
clase exsolution lamellae from clinopyroxenes in 4598 may be a
result of the lower Ca- and Al-contents in these ciinopyroxenes
compared with the pyroxenes of Ellis (1979).
Discontinuous zoning to very sodic rims (An 50) which occurs i~
4598 plagiocalse, is strongly associated with the formation of parga-
sitic hornblende coronas on occasional biotites in this samp-Ie. These
coronas appear to post-date the garnet form~ng reactioi1s in this rock.
Strongly zoned plagioclase occurs on pyroxenes, ilmenite and biotite,
indicating the growth of an amphibolite facies amphibo1e-piagioclase
assemblage:
amphibole + lower Cacpx 2 + opx 2 + An plag
+ biotite (Ti bearing)
± il m
-+
h-i Mg> A1,
Na and K
bearing;
calcic (3)
Hornblende is restricted to rims on biotite and ilmenite.
Pl agiocl ase)
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This spatial association is inferred to be controlled by the
availabil ity of Ti02 and OH-.
Temperature of formation of the secondary garnet-bearing assembl-
ages~ which are tentatively correlated with M3 (during 03), are
estimated in section 5.7. The hornblende-plagioclase coronas
developed in 4598 are beiieveci 'co ha.ve formed during later uplift,
shearing, or the superposition of Rayner Comp1ex metamorphism at
11 00 m.a.
(5) Two Pyroxene Granuiites without primary garnet
A variety of reactions have led to the development of garnet in
both quartz-bearing and quartz-absent two pyroxene granulites. Tex-
tural and compositional evidence from a range of samples indicate that
such reactions have progressed at lower temperatures than the temper-
ature of formation of the precursor metamorphic assemblages, with
garnet being formed as a retrograde minera~, i.e., curing cooling
and/or a late deformation. The range of corona textures and specific
zoning patterns are discussed below and related to various garnet-
forming reactions. Compositional data for the secondary garnets and
pyroxenes are presented in Appendix 4, and are illustrated in figures
5.3, 5.5 and 5.7(b). Examples of the variety of corona textures
are depicted in figures 5.17 (a) - (d) and 5.18(a) and (b).
ta) Clinopyroxene-Orthopyroxene-Magnetite
Samp I es 4093 and 4094.
Lobate magnetite is concentrated into layers within these domin-
antly granoblastic pyroxenitic samples. Pale pink, lobate g~rnet is
almost exclusively restricted in occurrence to rims on magnetite (fig.
5.l7(a)). Such coronas are continuous between magnetite and clino-
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Fig. 5.17 CORONA TEXTURES IN TWO-PYROXENE GRANULITES FROM
THE NAPIER PROVINCE
cp =cl i nopyroxene
op =orthopyroxene
ga =garnet
pl = plagioclase
hb1 =hornb -I ende
Horizontal bars = .2 mm
A. Corona of garnet formed around magnetite
(black) in contact with clinopyroxene and
orthopyroxene. Note that no garnet is formed
between cpx and opx only.
Sample 4094, Wyers Ice Shelf
B. Euhedral garnet forming coronas, with clino-
pyroxene, between orthopyroxene, plagioclase
and iJmenite. Note that cpx+plag are still
partly in contact, and that opx+cpx are in
contact in the absence of ilmenite. Sample
4510, Fyfe Hills.
C. Saccharoidal subhedral-polygonal garnet and
cpx, and lamellar cpx, forming corona between
opx and plagioclase. A second polygonal plag-
ioclase (p12) is developed as a moat between
garnet and opx. Note garnet corona on horn-
blende. Sample 4704, Hydrographer Island.
D. As for 5.17C, saccharoidal garnet and lamellar
cpx forming rims on opx+plag. Sample 4704,
Hydrographer Island.
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pyroxene or orthopyroxene~ and only rarely between pyroxenes in the
absence of magnetite. These features suggest that formation of garnet
in these samples is controlled by the presence of magnetite~ and hence
that the garnet-forming reaction involved a decrease in f0 2.
Clinopyroxene~ which has exsblved orthopyroxe~e prior to the
formation of garnet, is strongly zoned to more calcic and magnesian
compositions adjacent to garnet (X~~x =.65~70, Wo 45)(figure 5.3).
This zoning is accompanied by a decrease in A1 Z03 contents. Ortho-
pyroxene zones to lower Ca and A1 Z03 contents, and may become more
magnesian (figure 5.3). Plagioclase~ present ~n 4094~ zones to
rims richer in albite.
The corona garnets are almandine-rich (X~~ =.26~Z9), with moderate
grossular contents (Xt: = .20 - .22) and low MnO (1.6 wt% - 2.5 wt%).
Zoning relationships in the pyroxenes, the association of garnet
with magnetite, and the composition of the garnet, indicate the
formation of garnet in these samples by the general reaction:
in cpx, or cpx + opx
=
garnet in cpx (4)
As written, this reaction indicates that the formation of garnet in
these rocks is a function of P,T and f0 2- The reaction also involves
the consumption of silica. In both 4093 and 4094 free quartz does not
occur, so the reaction above is not a completely adequate description of
the formation of garnet. The involvement of plagioclase in the
reaction above reduces the requirement of free silica for reaction (4)
I-
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to proceed.
Temperature estimates based on Fe-Mg partitioning between garnet
and coexisting pyroxene rims or rec~ystallised grains are presented
in section 5.7. These estimates will relate to the temperature of
formatio~9 or equilibration, of the ga + opx + cpx + mt assemblages
providing that the pyroxene rims are in equilibrium with the secondcry
ga rnets.
(b) Two pyroxene-plagioclase-guartz free granulites (4704 cnd
4510) .
In these quartz-free samples, plagioclase may comprisE up to 30%
of the assemblage. These plagioclases are pO-lygonai (4510) Ot- lobate,
well twinned, and optically zoned. Coexisting primary pyroxenes
(section 5.4) are extensively exsolved and zoned rimwards.
Clinopyroxene contains abundant, closely spaced (50~m) orthopyrG-
xene exsolution lamellae, opaque blebs (ilmen~te) a~d occasionally
plagioclase lamellae (up to 50llm wide). Orthopy;"oxenes also contain
some clinopyroxene lameliae. In both samples, finer «.5-lmm) green
polygonal or finger-like clinopyroxene may rim orthopyroxene or form
polygonal aggregates (figure 5.l7(b),(c),(d)). These secondary clino-
pyroxenes are free of exsolution lamenae, and are more ca:cic (Wo44)
magnesian (X~~x =.69~7l), and less aluminous than earlier clinopyroxene
(figure 5.4 and 5.5).
Pale pink garnet is developed as euhedral to lobate granular
bead-l ike gra-ins ( ~ .2mm diameter) in 4704. These grains form trails
along plagioclase and orthopyroxene-plagioclase grain boundaries,
producing a necklace-like network. Frequently garnet occurs as coronas
with finely recrystallised plagioclase (±quartz) around orthopyroxene
which is rimmed by thin overgrowths of clinopyroxene (fig. 5.17(a)).
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Garnet and clinopyroxene also develop on i1menite grains, although the
invol vement of opaque does not appear to be necessa~'y in the develop-
ment of the coronas in general.
Garnet is developed in 4510 as euhedral rims or overgrowths on
ilmenite and pyroxene~ adjacent to plagioclase. New clinopyoxene may
develop with this garnet (figure 5.17(b)).
The secondary garnets are essentially Ca-Mg-Fe solid solutions
with up to 2 mol% spessartine. Grossular contents are moderate (XE~ =
.19). and the garnets are iron rich (X~~ = .245 and .21 in 4510 and
ga-cpx4704 respectively). Values of KO derived from composit)on~ oi
Fe-Mg
adjacent corona garnets and clinopyroxenes are 7.8-7.6, while
KDga-opx values are 3.9± .1. The similar KD values from each sampleFe-Mg
indicate qualitatively similar conditions of formation of garnet.
Recrystal~ised plagioclase grains. and plagioclase rims adjacent
to garnet are more sodic than plagioclase cores. In 4704 plagioclase
zones from An50 (cores) to An42 (rims), while plagiocicse zone from
An54 (cores) to An44 (rims) in 4510.
The textural and mineral zoning characteristics outlined above,
suggest the formation of garnet in these rocks by the following
reactions:
(1) in the absence of opaque:
3 l\1gFeSi 206
in opx
+ 2 CaA1 2Si 208
pl ag 1
= (CaMg 2Fe3) A1 4Si 6024
gatnet
+ CaMgSi 206 + 2 Si02
cpx
and (2) in the presence of ilmenite:
opx
+ 2 CaA1 2Si 208
plag
=
in i1menite
(by stoichio-
metry)
garnet
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cpx
Rutile appears as exsolution blebs in pyroxenes in 4704, and with
garnet in 4510, although not developed extensively on ilmenite grains.
If Ti02 is involved, the corona-forming reaction may be written as:
(2a) 2 MgFeSi z06 + 2 CaA1 ZSi Z08 + 2 FeTi03
opx plag ilmenite
(CaMgFe4) A1 4Si 6024 + CaMgSi 206 + Z Ti02
garnet cpx rutile
and formation of coronas in these rocks would not be dependent on
fO Z (reaction (2) above).
Depending upon the relative amounts of clinopyroxene and ortho-
pyroxene reacting, the compositions of the pyroxenes, and the abundance
of opaque, quartz may be produced or consumed in tne net reaction
resulting from cornbinations of (1), (2) and (2a) above.
(c) Two Pyroxene-plagioclase-guartz± kfeldspar± apatite
-ilmenite granulites (49412 and 4509)
Based on modal proportions of the phases and their compositions,
these samples are simflar to sample 77284029 of Ellis (1979), wi;lich
approaches a quartz-tholeiite composition.
Feldspar-quartz rich layers in these samples have suffered partial
recrystallisation from coarse (1-2mm) lobate granular textures to fine
masses of polygonal grains. Relict quartz and feldspars are sutured,
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show subgrains, deformation lamellae a~d undulose extinction. Extensive
perthitic and antiperthitic exsolution may be developed. Fine
« .lmm) polygonal recrystallised grains occur on relict grain boundar-
ies or as fine trails and lenses defining 53. The deformation-recryst~
allisation features described here can be correlated with 03 (James
and B1ack 1981 ) .
5ubhedral to ragged pyroxenes occur with lobate ilmenite in the
ineq~igranular quartzofeldspathic mosaic. Clinopyroxenes in particulat
show exsolution lame11ae, deformation bands, and may be recrystallised
marginally to fine polygonal grains (.1-.2mm) associated with fine
garnet. In some areas green hornblende is developed with or without
brown biotite, on lobate ilmenite and clinopyroxene (f~g. 5.18(a)).
Garnet is developed in these rocks principally as:
(a) elongate lens-shaped coronas of saccharoidal grains formed on
pyroxenes and opaque in contact with plagioclase (fig. 5.18(a)).Poly-
gonal quartz often forms a second corona inside garnet, adjacent to
pyroxenes. These elongate coronas develop intO "clots l' which define
an 53 foliation parallel to the 53 feldspar fabric -in 4509;
(b) coarse (::; 5mm) lobate-subhedral garnet-quartz (± cl inopyroxene)
vermicular symplectites forming near-continuous rims between plagioclase
and orthopyroxene - clinopyroxene-ilmenite (fig, 518(b));
(c) lobate garnet-quartz syrnplectites on ilmenHe alone~
(d) thin garnet-quartz rims onplagioc1ase;
(e) lobate garnet-quartz intergrowths which corrode and embay prima~y
orthopyroxene or clinopyroxene grains;
(f) lobate grains with polygonal clinopyroxene on orthopyroxene
and ilmenite.
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Fig. 5.18 CORONA TEXTURES IN QUARTZ-BEARING PYROXENE GRANULITES
ep :: cl inopyroxene
op :: orthopyroxene
pl ::plagioclase
ga :: garnet
qz :: quartz
hb 1 :: hornb1ende
apat::apatite
Horizonta1 bars ::.2 mm
A. Aggregates of polygonal-saccharoidal garnet
forming corona between elinopyroxene and
plagioclase. Clinopyroxene and quartz remain
in contact. Amphibole (crosses) forms thin rims
between clinopyroxene and ilmenite, or occurs
as alterations on clinopyroxene rims.
Sample 4509, Fyfe Hills.
B. Euhedral-subhedral corona of sympleetitic
garnet-quartz (±cpxl forming between pyroxenes
+ilmenite and plagioclase. Sample 49412,
Zircon Point.
A197
B
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Orthopyroxene and clinopyroxene remain in contact without the
development of garnet, in the absence of p13gioc 1 ase and ilmenite.
Spatially, the development of garnet-bea~ing coronas is very strongly
controlled by the presence of ilmen~te.
Reiict ortnopyroxenes zone to more magnesian and less aluminous rims
adjacent to garnet (XAl = .020, x~~x = .448 ), while recrystallised
clinopyroxenes are more magnesian (X~~x = .64~62), and have higher
calcium contents (Wo45) than primary metamorphic clinopyroxene (figure
5.5). ~agioclase zones to slightly more sodic compositions adjacent
to garnet (An 32).
Symplectite or corona garnet is iron-rich and calcic (X~~ = .14-:20,
Xt: = .19-.20), with low MnO contents (1.5-3 mo:% spessartine). This
garnet is irregularly zoned in XMg , however the lowe~ X~~ compositions
appear to coexist with recrystallised clinopyroxene. Tnese compositions
give KO ga-cpx values of 9.6-10.4, while KO values ob~ained using
Fe-Mg
maximum X~~ data are 6.2-6.9. The latter values have not been derlved
from adjacent analyses however, and in view of the very strong composi-
tional gradients within these symplectites are not considered ~eliabie.
The textural and compositional observations indicate the formation
of garnet in these assemblages byreactions involving opaque as well as
pyroxenes and plagioclase:
(1 ) 3 CaA1 2Si 20S
plag
+ 3 Fe203 + 3 Si02
in i 1m qz
= 3 CaFe2Si 3012 + °2,
ga-rnet
a partial reaction leading to garnet coronas on ilmenite, in the
absence of any development of rutile in these rocks-
(2) 3 MgFeSi 206 + 2 CaA1 2Si 20S
opx plag
=
garnet
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a reaction leading to garnet-cllnopyroxene-quartz symplectites on
orthopyroxene.
(3) CaMgSi 206 + CaA1 2Si06 + 4 FeSi03 = (CaMgFe4)A14Si6024
'-------~v-----------'
in cpx + 2 CaSi03
+ Si02
a possible reaction 1eading to zoni~g in original clinopyroxene, and
the garnet coronas on clinopyroxene ;n 4509,
The actual continuous reaction leading to the formation of these
coronas will be a more complex comb~nation of the three reactions
given above. The exact balance of this re~ction will depend on the
compositions of the pyroxenes, the amount and type of opaque present)
and the presence of quartz (McLelland and Whitney, ~977).
In 4509, additional hydration and oxidation r2act'io,ls hc\/2 pro··
duced Ca-Ti-Al amphibole and occasional biotite as coronas on ilmenite
(figure l8(a)) close to garnet, plagioc'ase or clinopyroxene. These
textures suggest further retrogressio~ with the development of hornblende
after garnet, by such reactions as
11 m + ga + cpx = hbl + pl ag
and
Ilm + ga + cpx + kspar = Biot + hbl ± p·lag.
Di scu ssion:
Garnet-bearing coronas on pyroxene and opaque, slmilar in many
respects to those described above~ have been repo;teo previous~y from
other metamorphic provinces (GjelsviK, 1952; de Waard, 1965; Griffin
and Heier, 1969, 1973; Griffin, 1971, McLelland and Whitney, 1977).
In these cases, the formation of garnet coronas has been lnferred to
result from overstepping of reaction boundaries during a retrogressive
(lower T) event or during cooling (e.g., Griffin and R§heim, 1973).
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The transition from medium-pressure granulites facies conditions (2
pyroxene + plagioclase) to a high-pressure (garnet-clinopyroxene)
granul ite facies regime has been accompl i shed by near-i sobaric cool ing,
with garnet forming as the P-T path crosses to the high pressure side
of reactions suc h as
An + opx + Fe oxide + quartz = g& + cpx + 02'
which have positive dPjdT slopes (Griffin and Ra'heim, 1973; McLel"ianci
and Whitney, 1977).
In the samples considered here, and in those of Ellis (1979),
secondary cl inopyroxenes are still poor in jadeite and acmite, and
retain high CaTsjJd ratios. Hence, reactions involving the a1bite
component of plagioclase, which lead to the formation of eClogitic
assemblages (ga + high Jd-Ac cl inopyroxene) , did not proceed at the P-T
conditions under which 49412 and 4509 recrystaliised,
McLelland and Whitney (lSO) have produced an expressio~ for a
generalised garnet-forming reaction for metaigneous rocks from the
Adirondacks. The exact form of this reaction~ which assumes limited
mobility of A1 203, is dependent on compositional variables inc-\uding
the An content of plagioclase, silica mobility, and the presence or
absence of olivine. For silica saturated rocks, McLelland and Whitney
(1977) have given a simplified garnet-forming reaction
2 CaA1 2Si 20S + (6 - a)(MgFe)Si03 + a Fe-oxide + (a - 2) 5i02
= Ca(FeMg)5A14Si6024 + Ca(MgFe)5i 206 + 02'
Gr18 garnet
where a is a
a = 6 -
cOr~~~Slit iona1
5.J1[
x~~x
variable:
( ~)XopxMg
Substitution of the measured values of Xopx Xcpx and Xga in 49412Mg' Mg Mg
201
yield an approximate value of 3 for a. Substitution of this a value
into the equation above gives good ba:ance ·of Fe and Mg on both sides
of the equation, indlcating that the generalised garnet forming reaction
of MCLel1and and Whitney (1977) is a reasonable approximation to the
corona forming reaction in 49412.
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5.7 PRESSURE-TEMPERATURE CONOITIONS OF FORMATION
I. PRIMARY METAMORPHIC ASSEMBLAGES
(A) TEMPERATURES
(i) Stability of Pigeonite.
The presence of primary metamorphic pigeonite, now inverted and
exsolved, in 4359 and 4092 indicate high maximum temperatures of meta-
morphism (O'Hara and Yarwood, 1978; Smith, 1974; O'Hara and Ba~nicoat,
1980). Comparison of the reconstructed compositions of primary pigeonit2s
(XMg =.25, Wo = 8%) with the experimental data of Ross and Huebner
(1975) suggests minimum temperatures of 970°C for equilibration of the
metamorphic pigeonites. Minimum temperatures of 962°C± 20°C are obta1n-
ed from the app~ication of the pigeonite stability curve of Ish~i
(1975), at an assumed pressure of 8 kbar. Peak metamorphic temp2ratur~s
in the first recognisable major granulite facies event (Ml-M2) ar~
thus inferred to be in excess of 950°C on the basis of the staoility
of Fe-rich pigeonite.
(2) Garnet-Clinopyroxene-Orthopyroxene assemblages
Koga-cpx and Koga-opx data obtained from the compositio~s of
Fe-Mg Fe-Mg
primary garnet-clinopyroxene-orthopyroxene in 4598 and 4818 (Tabie 5.3)
have been used .to estimate equilibration temperatures for these assemb-
lages in Ml-M2.
Appl ication of the garnet-clinopyroxene Fe-Mg distribution thermo-
meter (Ellis and Green, 1979) to these samples yields temperatures of
870-890°C at an assumed pressure of 10 kbar. Garnet-ciinopyroxene
thermometry (Ellis and Green, 1979) for the Mn-rich sample 49461 yields
a temperature of only 780°C, however. The garnet-clinopyroxene thermo-
meter of Ganguly (1979), which otherwise yields a~omalously high
206
temperatures fer garnet-clinopyroxene bearing assemblages in granulites
from Enderby Land, gives a caiculated temperature of 870 DC for 49461.
A similar estimate is given by the Ellis-Green (1979) thermometer if
Mn in garnet is treated as identical to Ca in increasing Koga-cpx at
Fe-Mg
ccnstant P and 1. Clearly, ai:d as considered by Dahl (1980), the
effects of spessartine compone~t in garnet upon Fe-Mg distribution
between garnet and other phases ~ay be considerable. Experimental deter-
mination of the magnitude of these effects is necessary before garnet-
clinopyroxene Fe-Mg distribution thermometry can be reliably applied
to Mn-rich compositions or assemblages such as 49461 (see Table 5.3,
figure 5.7a).
The garnet-orthopyroxene Fe-Mg d -~ stri but ion U,ermome"ter (Ct'lapter 2
and 3) yields temperatures of 840-900 DC for primary garnet,ort~o~y:e-
xene compositions in 4598 and 4818 at an assumed pressure of 10 kDar.
These estimates are in good agreement with the g~rnet-c~inGpyr0xe~e
temperatures derived for these samples, although the garnet-ortnopyroxene
thermometry must be considered less precise as a result of t~e prob1ems
involved in the experimental calibration (Chapter 2) and the relative~y
small changes in K9 a -oPX with temperature.
°Fe-Mg
(3) Pyroxene Miscibility Gap
In recent years, considerable use has been made of the mutual
solubil ity of orthopyroxene and cl inopyroxene as a geothermometer bct:l
in lherzolitesand granulites. Most experimental data pertain-;ng tu
the two-pyroxene solvus have been obtained in the CMS system (Oavis
and Soyd, 1966; Mori and Green, 1975,1970; Lindsiey and Dixon, 1976;
Warner and Luth, 1974; Nehru and Wyl1ie, 1974) o~~ 'In more complex
systems applicable directly to garnet 1herzoiites (Iviori and Green,
1978). Data on thehedenbergite-ferrosil ite join have been obtained by
207
LIndsley and Munoz (1969), while the two-·pyroxene miscibility gap has
been determined for a range of bul k \1g values at orl\? atmosphere by
Ross and Huebner (1975, 1979).
Practical geothermometers for application to a wide range of bulk
compositions in terms of XMg have been d2veioped by Wood and Banno (1973),
Wells (1977), and Henry and Medaris (198G), These thermometers depend
on two separate experimentally determ~neG data sets - the CMS pyroxene
"solvi" (see above), and the CFS hedenbergHe-ferrosilite miscibility
gap 0 f Li nd s1ey and Mu no Z (1 969) .
The practical thermometers applied to the two-pyroxene 9r~nu;it2s
of Enderby Land differ mainly in two aspects:
(a) the particular CMS data set used to co~struct the calibratior.. All
CMS solvi have been determined at higher pressures than appropriate
for crustal granulites;
(b) the method of interpolation between CMS end-member system
and the CFS data of Lindsley and Munoz (1969). The tr.~imometers of Wood
and Banno (1973) and Henry and Medaris (1980) are based on a quadrat~c
interpolation scheme (using terms in x~~x and (X~~X)2), while a linear
interpolation is used by Wells (1977).
The two differences outl ined above give rise to the discrepancies be-
tween the various thermometers when applied to these granulites. In all
cases, however, there may be some error introduced by the application of
simple system experimental data in CMS and CFS to more complex natural
systems.
Recent experimental data in CMS are ~n reasonab1e Qgreement on
the mutual solubil ity limits of enstatite-diopside (ivlori and Green,
1975; Lindsley and Dixon, 1975). These results, however, c.re-in m~rked
disagreement with the solvus data of Davis and Boyd (1966) upon which
the Wood-Banno (1973) thermometer is based. Comparison of the
208
respective solvi data indicates that the Wood-Banno tnermometer may
overestimate T by up to 60°C at ~ow temperatures « 'iOOO°C) in magn~sian
(x~~x ~ 60) compositions (Mori ana Green, 1978) &nd ~~ crustal granulites
(Wood, 1975; Hewins, 1975; Ellis, 1980).
Two-pyrOXtne activity data and temperatures estimated using the
available semi,·empirical thermometers are presented in Table 5.2. In
all cases, average estimated temperatures have been calculated based
upon averaged rim compositions of coexisting pyroxenes or O~ averages
of ail aPYx values obtained in relatively unzoned samples. InMgzSi Z06
those samples where exs01ution and compositional zoning are abundant,
temperatures have also been calculated from compositions of exsolution
lame11ae and rims (minimum T) and compcsitions of unexsolved pyroxene
cores or integrated area scans of exs01ved grains (maximum T).
In all calculations, the ideal multisite solid solution model of
Wood and Banno (1973) has been used:
= =
In addition, non-random distribution of Fe-Mg between sites has been
neglected and thus values of xpyroxene have been calculated usingMg 2Si 206
the algorithm:
(Xpyroxene)2[(1 - Ca - Na - Mn) x (1 - Na - Cr/2 -
Mg
Ti - Mn - (Al - Na - 2Ti )/2J
to correct for non-quadrilateral pyroxeile components, The ';gno~in9 of
Fe-Mg site preferences is considered to introduce no s~gnif~cant error
in the temperature estimates, compared with anaiytical e~ro~s anG
errors inherent in the various calibrations,
The four two-pyroxene geothermometers used in this study are
209
compared in figures 5.19 and 5.20. The major features to emerge from
these comparisonsare:
(a) x~~x dependence of T estimates:
The Wells (1977) a~d Henry ana Medaris (1980) thermometers
show marked compositional dependence ef calculated T, with higher x~~x
parageneses yie1ding 10wer T even at adjacent localities (figure 5.19).
Maximum T data derived from core and aTea-scan analyses (figure 5.20)
show considerable scatter correlated with Xopx with Fe-rich samplesMg ,
yielding unreasonably high calculated temperatures of 1050-l100°C by
these thermometers.
On the other hand, the Wood-Banno (1973) thermometer displays only
minor x~~x dependence, with slightlY higher temperatures estimated
for more magnesian samples (figure 5.i9). This results in the lower
degree of scatter in core-" rim-, and aver&ge-temperatures obtained using
the Wood-Banno thermometer in comparison to the other calibrations
(figure 5.20).
(b) Absolute values of estimated Temperatures:
Peak metamorphic conditions, be sed on pre-exsolution pyroxene
compositions, are indicated to be 9l5-980°C by the Wood-Banno (1973}
thermometer, wh"ile other thermometers show a considerable range of peak
T estimates resulting from compositionally dependent scatter. Adopting
a downward revision of the Wood-Banno temperature by 60°C (p. ),
peak metamorphic temperatures are inferred to have been as high as 920°C.
This estimate is consistent with the stability of pigeonit2 in some
Fe-rich rocktypes (see above).
On the basis of average and rim temperature data, the Wood-Banno
(1973) thermometer appears the most reliable in that it has less
210
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inherent compositional1y dependent scatter than other calibrations,
although its absolute accuracy may be open to question. Inferred rim
temperatures of 815-900°C (figure 5.20), with & main clustering in the
range 840-860°C, are in reasonable agreement with temperatures obtained
using the Lindsley-Dixon solvus (figure 5.20, cluster at 800± 20°C)
if a downward adjustment of oOO( ~s applied to the Wood-Banno (1973)
based temperatures.
For the dominantly Fe-rich granulites studied here, the Wells (1977)
thermometer gives the highest average temperatures (figure 5.20), with
considera~e compositionally dependent scatter (800-l025°C) and a main
cluster in the range 860-900 0 (. The Nehru-Wyllie based thermometer
gives low average temperatures (700-800°C) with marKed scatter in
estimated temperature resulting from variations in XUMPx (figure 5.20).Ig
Two-pyroxene compositional data from Enderby Land a;e compa~ed to
the one-atmosphere pyroxene solvus data of Ross and Huebner (1975) in
figure 5.21. In view of the uncertainties in the experimental and
natural rock data, maximum metamorphic temperatures in excess of 900 0 e
are suggested by this comparison, in agreement with the thermometry
based on Wood and Banno (1973) with a -60 0 e adjustment. Average a~d
rim temperature data plot mainly near the 800 0 e isotherm of figure 5.2~;
in good agreement with temperatures suggested above for the equili-
bration of pyroxene rims.
The insensitivity of the two-pyroxene solvus gap below even SOQoe
prohibits any interpretation of real temperature differences between
separate localities within granulite facies terrains (e.g., Bohlen
and Essene, 1980; Bohlem et al.~ 1980), and maKes the determination of
absolute temperatures of equilibration of two-pyroxene granulite assemb-
lages an uncertain procedure. Further uncertainty is introduced by
a b d
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the choice of thermometer~ as shown above. Nevertheless, t:,e 1:~OOcj­
Banno (1973) thermome~er data in particular (figure 5.20) indicate
consistent differences in temperatures estimated for co',"es" rims or
average grain a~alyses, or ~ecrystallised grains and exs01ut~cn
1amell ae,
It is sugg2sted that the tl'Jo-pyroxene granul ites initially equil i-
brated at '~emperatures 'in excess of 900°C, in a thermal episode (Ml-
M2) correlated with 01 or 02. The assemblages re-equilibrated in 02
or subsequent to 02 at temperatures of ~800°Ct with further cooling
resulting in exs01ution lamellae and rim compos:tions ~hicn yield
temperatures less than 800 0 e.
(B) PRESSURES
(1) The geobarometer of Ell is Ci 980) has been I,:s,~d t'J estimate
the pressures of formation of the two-pyroxene-pl agiocl c:.s:~ ± quartz
granul ites _ Thi s barometer is based on a thermod'y,lam~c t't:!atment of
the reaction:
CaA1 2Si06 + Si02
in clinopyoxene quartz
= CaA~2S;208
pl agioci ase
In the absence of quartz, CaA1 2Si06 can persist to lower pressures
than in the assemblage CaTs + Qz. Thus, for quartz absent two-pyroxene-
plagioclase granulites pressures calculated using the barometer
derived from the reaction above will be maximum pressures.
Pressures calculated for the twc pyroxene granulites are given
in Table 5.2. Several pro~ems a~e apparent in applying this geobaro-
meter to these particular rocks:
(a) from figure 5.12 it can be seen that x~~~s ~s often quite low
(generally 3-6 mol %), as would be expected for lO',.,rer-pr'essure cl inopyro-
215
xene bearing assemblages. At low alumina contencs "the presence of
other minor components (e.g., Na, Ti) ca~ lead to large relative errors
in calculated X~~~s' and hence considerable errors in calculated
pressures. In most samples studied, maximum Al/2 values have been
used in pressure calculations and hence pressure overestimates may be
expected;
(b) plagioclase is often moderately zoned. In most samples studied,
plagioclase has not been analysed exhaustive"iy for the delineation of
such zoning, whereas clinopyroxenes have been mOie extensively anaiysed.
The poorer constraints on plagioclase compcsition lead to some uncert-
ainty in pressure estimates. A further problem 1ies in the interpre-
tation of which plagioclase composition is i~ equilibrium with the
measured X~~~s' particularly in those samples affected by later
recrystallisation.
Bearing in mind the problems outlined above, and the implication
that the derived pressures are in genera! maximum pressures, the
CaTs-An-Qz data are internally consistent. Maximum pressures of forma-
tion of the 2 pyroxene granulites are in the range 10-14 kbars. with
most samples yielding pressures of 10-12 kbar at 900°C. There is no
apparent regional variation in the maximum pressures obtained from
these assemblages (Ta~e 5.2).
The two-pyroxene granulites of the Napier prov~nce occur ~nter­
layered with sillimanite-bearing pelitic gneisses. At 900°C, the stabi-
lityof sillimanite suggests maximum pressu~e conditions of 11 kbar
(Day and Kumin, 1980). Thus, maximum pressures of 10-1 i kbar at 900°C
are indicated for the peak metamorphic conditions suffered by these
two pyroxene granulites.
Garnet-orthopyroxene barometry developed in Chapter 2 and Chapter 3
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herein yields pressures of 12.6 kbar ± 1 for the garnet-cl inopyroxene-
orthopyroxene sample 4818, in reasonable agreement with the maximum
pressure estimates obtained above.
(C) SUi~i"1ARY
The application of various geothermometers and geobarometers tc
the primary metamorphic assembl ages of the pyroxer,e granul ites stud':ec:
herein indicates peak metamorphic temperatures of ~ 900-950°C at
pressures 1ess than 10-11 kbar. These peak metamorphic condit~ons v,'ere
achieved prior to final grain boundary equilibration.
From average pyroxene compositional dc,tcc for a wide range of
samples in which partial recrystallisation of the primary, peaK meta-
morphism assemblages is observed, a high degree of recrysta11isation,
including textural equilibrium, appears to have been achieved a~
800-860°C during or after 02.
Further re-equil ibration at temperatures belmv 800°C, ai1d possibly
as low as 700°C has resulted in the formation of pyroxene exsolution
lamellae in most two-pyroxene granulites.
I I. PRESSURE ANO TEMPERATURE CONOITIONS OF FORMATION OF
SECONDARY GARNET-BEARING ASSEMBLAGES
Simultaneous P-T estimates for recrystallised garnet-bearing
assemblages have been obtained from i~tersections of Koga-cpx and
Fe-I"1g
Koga-opx lines with A1 203 isopleths forortbopyroxene coexisting withFe-Mg
garnet. In these calculations, the garnet-cl inopyroxene thermometer
of Ellis and Green (1979) has been combined with the garnet-orthopyroxene
Fe-Mg thermometer and the garnet-orthopyroxene A1 203 barometer
developed in Chapter two and three.
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P-T estimates for corona-bearing secondary assemD~ages ~re 1isted
in Table 5.3 and a;e plotted on the regional map of figure 5.23.
Most d2ta is conf~ned to the southern part of the Napier province (Scoa
Mts.), where D3 is considered to be most s~rong~y developed (James and
B-Iack. -; 98-,).
In tne Fyfe-Hills-Casey Bay region, cc~sist2nt P-T estimates of
650 ± 70°C and 7-9 kbar are obtained for th2 secc~dary garnet coronas
in quartz-bearing and quartz-absent rocks. There is some evidence that
garnet formation occurred at higher temperatu~e (700-750°C) in the quartz
absent pyroxene granul i tes 49464 ami 4510 0 a-I thcL:gh still at pressures
of 7-8 kbar.
Garnet rods and rims developed in the original pigeonitic samples
4359 and 4092 have formed under estimated co~ditions of 670-690°C and
6-9 kbars, with the higher pressures obtained for 4359 from the
Zubchatyy Ice Shel f.
The formation of garnet rims on pyroxene-magnetite in 4093 and
4094 from Ward Rocks has occurred at ca ~ 700°C and 9 kbar, althoug;1
garnet-orthopyroxene thermometry indicates higher temperatures (740-
800°C) for this corona formation.
Secondary garnet assemblages have formed in t~e garnet pyroxenites
4818 and 4598 at temperatures of 650°C and pressures of 6-7.5 kbar. In
4818, garnet rims suggest earlier P-T conditiorls of 760°C and 9 kbar
± 1 possi~y related to cooling from the peak metamorphic conditions
described earlier. 4598, from Demidov island, shows further garnet
exsolution from pyroxene to temperatures of ca. 580°(. These
temperatures may correspond to the temperature of formatio:l of horn-
blende-plagioclase coronas in this sample.
The diverse garnet-bearing secondary retrograde metamorphic
assemblages from a range of localities indicate a regional event(s)
occurring in the cooling history of the complex, at P-T conditions of
650-700°C ana 6-9 kbar. These c0~ditions are consistent with the
incoming of garnet in rocks of quartz-tholeitte (Mg60) composition
(G50°C ~ 7 kb), based on the linear extrapolation of the curve of Green
ana Ringwood (:967). The P-T estimates are also consistent with the
conti~u2d st&bility of the assemblage ga-opx-cpx in 4818 and 4598
throughout cooling from ca. 850°C to 650°C ..
The correlation of thes~ COfQna textures (M3) and their associated
P-T estimates with time and defo;mational history of the Napier Complex
is a major problem. On the basis of the textural characteristics
described above, garnet formation in quartz-bearing pyroxene granulites
can be correlated with 03 recrystallisaticn. This recrystallisation
event is termed M3, and is dated at 2500 mc. .. (B-:aci< c.nG James, 1979;
James and Black, 1981). Some textural features of these and the other
rocktypes include discrete zones of )nt2nse deformation and recrystal-
lisation or broader areas of less intense deformation giving rise to
kink bands, deformation lamellae, and d~saggregated grains. Such
textural features are characteristic of 03 and of post-D3 shearlng.
Thus, the P-T conditions estimated for the diverse secondary assemb1ages
described here may also relate to post··D3 shearing « 2500 ma.) rather
than recrystallisation solely in 03 (M3).
At localities from Fyfe Hills and Hydrographer ISland, the
presence of cross-cutting metamorphosed dykes ena~es the following
time-relationships to be established.
(1) 03 deformation producing open foldS;
(2) intrusion of basaltic dyke and metamorphism under
granul ite facies conditions syn-- or post-·D3;
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(3) formation of discrete shear zones which cut across 03
structures and the metamorphosed dykes.
Such field evidence ~ndicating the timing of M3 in relation to
s;leari.ng is not available in most 1ocalit-.es, however~ and thus t;1e
tim-jng of formati.on of many of the coronas described above mL~st remair
uncerta~n,
Ill. P-T IV1ETAMORPHIC HISTORY
A generalised P-T path obtained for these two-pyroxene 9ranul~tes_
constructed between the P·T conditions specified for primary metz-
morphic assemblages and later lower temperature garnet-bearing recry-
stallised assemblages, is presented in figure 5.24. The position of
the P-T path is, strictly, not constrained at conditions between the
various P-T boxes, however a linear path is constructed for simplicity
and to be consistent with the continued stability of garnet in garnet
pyroxenite from Gromov Nunataks, Demidov Island, and Edwards Island;
and the stability of sillimanite ~n interlQyered metapelites.
The P-T path so generated is bel~eved to represent a time from
up to 3100 ma. (01) to at least 2500 ma. (03), a span of up to 600
mill ion years.
The formation of garnet-bearing retrograde assemblages h~s occurred
under conditions of near-isobaric cooling, or under conditions of
slow uplift from a maximum of 30 kilometres to 20-24 kiiometres depth
over the 01 (or 02) to 03 period. An alternativE: scheme may inc'iude 0.
loop or back-bending in the P-T path at th2time of 03 to inclUde some
minor increase in temperature (or thermal pulse) at th~5 time. In
any case, slow uplift rates during cooling are indicated by the P-T
estimates, in contrast to many other metamorphic terrains where near-
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Fig. 5.24 P-T-time path deduced for pyroxene granulites
from the Napier province, Enderby Land.
Stippled areas are P-T fields for peak
metamorphic co~ditions and for conditions
relating to the equilibration of rim composi-
tions, based on adjusted two-pyroxene thermom-
etry.
P-T conditions for gar~et-bearing primary
ana secondary assemblages, estimated using
ga-opx barometry (this stucy) and ga-cpx
Fe-Mg distribution thermometry (Ellis and
Green, 1979).
1 = Sillimanite-Kya~ite invErsion (Day and
Kumin, 1980 ; Ho1daway - We;ll data).
2 = first appearance of garnet in a quartz
tholeiite composition (XMg =£1), extrap-
olated from Green and Ringwood (1967).
3 = first appearance of garnet in a tho;eiite
composition, extrapolated from Ito and
Kennedy (1971).
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isothermal uplift has occurred subsequent to high grade metamorphism
(e.g., Norway - Griffin, 1971; Scourie - Q'Hara and Yarwood, 1978;
Savage and Sins, 1980; Discussion by Ellis (1980)).
Isobaric cooling of dolerite dykes intruded into the basal gneiss
of Norway has given rise to corona textures similar to those described
here (Griffin and Kaheim, 1973). while a similar history of slow cooling
at depth has been lnferred for coronites from the Adirondacks by
McLelland and Whitney (1977). Thus, there exist examples of other
metamorphic terrains where a near-isobaric P··T cool ~ng path has control-
led the development of secondary mineral assemb~&92s. Tne path ob-
tained here, however, is constrained in age and dur~tion, as well as
in P-T conditions. The presence of w~dely spaced mu;t~p~( deformation
episodes is al so a distinctive feature of the Napi2r province P-T
history. The implications of the P-T estimates and a general dis-
cussion of the metamorphic history of the Napier Complex will be
presented in Chapter Seven; following the consideration of garnet-
orthopyroxene bearing metapelitic assemblages from the Napier Complex.
Chapter 6
GARNET-ORTHOPYROXENE BEARING GRANULITES FROM THE NAPIER
PROVINCE, ENDERBY LAND, ANTARCTICA, AND THE P-T
METAMORPHIC EVOLUTIOtJ OF THE NAPIER Cor~PLEX
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6.1 I~TROOUCTION
Garnet-orthopyroxene geothermometry and geobarometry developed
in previous chapters are applied in this chapter to garnet-ortho-
pyroxene quartzitic and pelitic granulites from the Napier province,
Enderby ~and, A~tarctica. The general geology and regional setting
of these gram;."; tes have been summari zed in Chapter 5.
The assemblage garnet-orthopyroxene is stable over a wide
geograph~cal area in Enderby Land, in a broad range of bulk rock
compositions a~d in equilibrium with a range of other phases including
quartz, feldspars, and various Fe-Mg-Al mineral?, Thus~ regional P-T
estimates for Enderby Land may be obtained f;"om a study of the garnet-
orthopyroxene oearing parageneses. In additio~. P-T - T~me evolut~on­
ary paths for the Napier province at a numbe~" of 1')calH~es may :.e
obtained from considerat~on of pr~ma:"y metamorph"jc a;1d retrograde
recrystallised garnet-orthopyroxene assemblages.
In addition to the garnet-orthopyroxene-clinopyroxene assemblages
developed in metabasic rock types, considered in Chapter 5, garnet-
orthopyroxene occurs as a common primary metamorphic (M1) assemblage
in metapelitic granulites from the well-layered sequence (T~la Series)
and as occasional lenses or layers ~n the domi1a1tly pyroxene-
granulite sequence (Raggatt Series). Within the Raggatt Ser~es, the
typical garnet-orthopyroxene Dearl~g assemblages include
Ga - Hy - Kspar - Qz
and Ga - Hy - Kspar - Plag - Qz
with accessory ilmenite and occas~onal 0~otite,
Within the well-l ayered metasedim~nt3.?"y g:"anul He seque~;ces
typical garnet-orthopyroxene parageneses considered in this study
are:
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(a) "in the I~apier Mountains
1. Ga - Hv - Kspar - Qz ± Plag ± Biotv
2. Ga - Hy - Cd - KspeT - Q.7. ± Plag ± Biot
(b) in the Tula Mountains
3. Ga - Hy ± Qz ± Kspar ± Plag ± Rutile or Ilm
4. Ga - Hy - Sa (± Kspar and Rutile)
5. Ga - Hy - Sa - Plag
(c) in ti1e Scott Mountains and at Tonagh Island
6. Ga - Hy - Sill ± Sa
7. Ga - Hy - Sil~ - Qz (± Ksp~r)
8. Ga - Hy - Osu.
In the absence of quartz~ the fCJr phase ~ssemblage ga-hy-sa-sill
may be stable in the system FMAS (Hensen and Green; i973; Ellis et al.,
1980). This assembiage has been found 3.t :c:alo!ties on IV1clntyre Island
and Tonagh Island in western Enderby La1d.
The P-T significance of the var~0us garnet-orthopyroxene
parageneses outlined above, based upon topological relationships of
phases in FMAS, is discussed along with the garnet-orthopyroxene
thermometry and barometry in section 6.4 Assemblages listed above
are schematical1y illustrated in figure 6.1.
In the following sections~ the textural features, mineral
chemistry and zoning relationships of coexisting garnets and t'ypers o.
thenes in granulites from the Napier province are described. This
informat~on is subsequently used to derive P-T estimates and paths for
metamorphism in Enderby Land.
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6.2 TEXTURAL FEATURES
Relevant textural information for individual samples is
presented in table 6.1. Most samples show the overprinting of ear~y
coarse 9rai~ed (2 mm - 10 mm) textures by a number of subsequent
finer-grained recrystallisation and corona textures. These features
w;ll be discussed following consideration of the general character-
istics of the pr~mary metamorphic granulite facies textures ascribed
to equilibration of garnet-orthopyroxene during MI-M2.
I. PRIMARY METAMORPHIC FEATURES
Typical garnet-orthopyroxene samples cJns~st of variable modal
abundances of garnet and orthopyroxene 1f, quartzofeldspathic gne~sses.
In such gneisses, garnet and orthopyroxene may comprise from 5 to
90% of the sample. Near pure garnet-orthopyroxene biminerallic
segregations or layers occur In more typical feldspathic gneisses,
while garnet + orthopyroxene ~ sapphirine or sillimanite rocks may
occur as lenses or discrete layers in otherwise quartzofeldspathic
granulites.
The gneisses have typically granuloblastic polygonal to lobate
textures, which range from equigranular and polygonal in ga"opx rich
types to inequigranular and lobate-subhedrai in quartzofe1dspathic
varieties. Most samples show no preferred orientation of orthopyroxene
or quartz, however strong ribbon-like elongate ~uartz textu~es are
exhibited in 49786 and 4549. In these cases, where e10ngate 01 quartz
textures are preserved, lobate garnet and subhedral-lobate ortho-
pyroxene are elongate parallel to this quartz ribbon texture, and are
thus inferred to have formed during 01.
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Quartzofeldspathic gneisses usually show granoblastic lobate
quartz-feldspar textures. Both quartz and mesoperthitic K-feldspar
are coarse (1 mm ." 3 mm), lobate or sutured, and sometimes elongate
parallel to compositional layering. Quartz often shows
extinction, deformation bands, and marginal recrystallisation to
finer polygonal aggregates. Elongate quartz ribbons in 49786 are
partially recrystallised to coarse equidimensional subgrains which
may result from deformation during 02. Further recrystallisation to
fine agg:egates is poss~bly related to 03.
K-feldspar is usual'y mesoperthitic, with coarse string- and
fi"iament mesoperthite commonly developed (Ellis, 1979 ; Sheraton
et aZ., 1980). Both K-feldspar and plagioclase may show marginal
recrystallisation to fine polygonal aggregates (0.1 mm - 0.01 mm
diameter) which may form elongate trails (S3) when well developed.
In samples affected by recrystallisation correlated with 03, meso-
perthitic K-feldspar may develop further irregular bead- and bleb-
like exsolution features cross-cutting earlier string exsolution
lamellae, and plagioclase may develop deformation bands, deformation
twins, and exsolution blebs.
Garnet occurs as lobate to polygonal anhedral grains. Grain-
sizes are commonly 1 mm - 3 mm, however garnet porphyroblasts are
often 5 mm - 2 cm in diameter. In hand specimen, garnets are pink to
mauve, while in thin section most are pale pink to co~ouriesso
Coarse garnet porphyroblasts are often poikilob1astic,
containing lobate and ovoid inclusions of quartz, rutile, hypersthene,
zircon, occasional feldspar, and. in samples from the Napier Mountains
(4528), cordierite. Sillimanite occurs as coarse rhombs included in
garnet, or as very fine aggregates and clusters of fibrous grains
which may form an internal foliation within the garnet grains.
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In 49657 and 49891, sepa~ate fibrous sillimanite clusters occur
within individual garnet porphyroblasts. Within each cluster the
sillimanites are oriented to form one or more consistent internal
foliation directions, but the orientations of the sillimanites vary
betwee0 separate clusters. It is inferred from these observations
that the garnet porphyroblasts have formed from the coalescence of a
number of separate, finer grained garnet poikilob1asts which had
enclosed fine sillimanite growing in the early stages of 01. Thus,
the separate sillimanite clusters represent separate cores, and
garnet growth in these cases appears to be synkinematic with 01
(po~kiloblastic cores), postkinematic to 01 (coalescing of separate
rotated gar~ets), and possibly synkinematic with 02 (presence of
coarse rhombic sillimanite inclusions on garnet rims).
Orthopyroxene is lobate to polygonal and an~edra1 in ga-opx
rich samples, and is subhedral prismatic to lobate in quartzo-
fel dspathi c rock types. Generally, primary metamorphi c orthopyroxenes
are coarse grained (0.5 mm - 2 mm) and form even-grained layers w~th
garnet in the quartzofeldspathic granulites. Orthopyroxene porphy~o­
blasts (3 mm - 5 cm) occur as subhedral grains in some granulites.
The~e porphyroblasts usually show kink bands, undulose extinction,
and elongate augen structure~
Fe-richer orthopyroxenes (XMg =.50, hypersthenes) show
pronounced pleochroism from yellow-green and g~een to pink, p~nk-
brown, and red-brown or orange. More magnesian orthopyroxenes
(XMg = .70) are pleochroic from pale green and yellow-green to pale
pink or yellow. All orthopyroxenes may exh~~~t rutile exso',utions or
i ntergrowths as fi ne needl es whi ch fOi'm cri ss·,cross patterns
particularly in cores of orthopyroxene grains. In some samples
abundant rutile appears to have exsolved as coarse prisms ald blebs in
hypersthene cores.
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Orthopyroxene occu~s as polygonal grains with polygonal or
prismatic subhedral s;llimanite, and occasional garnet, in samples
from Tonagh Island, McI.1tyr.~ Island, and Mt. Charles (49834, 49817,
19607, 3971). In these samples, particularly the biminerallic samples
49607 a~d 49834, primary mEtamorphic orthopyroxene and sillimanite
a;e c1early in textural equilibrium. It is inferred that ortho-
pyroxene + sill imanite ± ga (wi thout quartz) was stable at or near the
peak metamorphic conditions experienced in these particular localities.
11. SECONDARY OR RETROGR1\DE META~IORP!-E C TEXTIi RES
P~imary metamorphic garnet-or~~GpYIQXtne textures have been
overprinted i:1 many samples by a va:"'iety of ~ater recrystal1~sat~on
and corona textures. Such secondary textutes a;"e described for
individual samples in table 6.1. O~ the basis 0f the presence of D3
recrysta11 i sat~on textures i i1 quartz··re"j dspat 1:'.yers adjacent to
garnet-orthopyroxene layers, many of the textures to be described beiow
can be correlated with the overprintL:9 of 2o.rlier stnlctlAreS ;)y D3
( ::: 2500 m.a.). However, in many sarnp:es there 'IS ~o def~nHe
textural evidence for the correlation of secondary garnet-orthopyroxene
recrystallisation with 03. It is possible that a number of the
textures described below are a result of cooling from the thermal peak
of Ml or M2 and do not reflect the further overprinting by a separate
M3 event correlated with D3.
In any case, combination of textural information, which indicates
several generations of garnet and orthopyroxene in anyone sample,
with mineral chemistry and mineral zoning informatio:; for the
different generations can yield P··T data which are bterpreted as
points on a P-T - Time evolutionary path for any pa~ticular sample.
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Fig. 6.2 Recrystall~sation textur~s present in garnet-o:th-
opyroxene assemblages from the Napier province.
In all cases: op = orthopyro~ene
ga = garnet
pl = plagioclase
qz = quartz
tU = rutile
Horizontal bars 0.2 mm
a o Second euhedral garnet forming rims on earlier
coarse garnet adjacent to plagioclase and
orthopyroxene. Sample 49868, Mt. Hollingsworth.
b. Fine euhedral, saccnaroidal garnet rimming ear-
l ier coarse looate gar'"et and ortfwpyroxene
adjacent to plagioclaseo Note ortnopyroxene in
top left which has rim of second garnet on one
edge. Sample 49657 ~ McIntyY'e Island.
c. Coarse subhedral garnet rimming earlier, very
coarse orthopyroxene porphyroblast adjacent tG
plagioclase. X~fx decreases markedly adjacent
to the secondary garnet. Sample 49834, islQnd
at the N.E. end of Mt. Trail.
d. Symplectitic garnet~quartz rimming coarse lobate
garnet, and fine polygonal orthopyroxene recry-
stallising on earlier orthopyroxene near gaY'net.
Sample 3410, Mt. Marsland.
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(a) Recrystallisation textures
In quartzofeldspathic gneisses where garnet and orthopyroxene
comprise less than 50% of the modal mineralogy, typical secondary
textures involve the recrystallisation of both garnet and ortho-
pyroxene to finer grainsized aggregates, trails and overgrowths on
ragged or resorbed primary metamorphic grains.
(1) Fine euhedral garnet and garnet-quartz intergrowths occur
on earlier garnet and orthopyroxene (49868, 49657, 49891, 3970).
Original coarse garnet may be rimmed by well formed, fine grained
(0.1-0.2 mm diameter) garnet euhedra adjacent to plagioclase and ortho-
pyroxene (figure 6.2a). In other cases, fine polygonal and euhedral
garnet-quartz intergrowths (0.05 mm diameter) rim earlier coarse,
lobate garnet and form borders on adjacent primary metamorphic ortho-
pyroxene grains (figure 6.2b). Often these fine recrystallised
garnets are associated with fine polygonal aggregates of recrystallised
quartz and feldspars, and thus may be correlated with 03 deformation.
1:149657, the fine granular garnet forms trails off coarser ortho-
pyroxene adjacent to recrystallised feldspathic masses, in addition to
euhedrai overgrowths on earlier garnet.
(2) Coarser euhedral-subhedral garnet (0.3-0.8 mm diameter)
occurs as grains rimming a very coarse (1 cm diameter) hypersthene
porphyroblast in 49834 (figure 6.2c). In this sample, polygonal
granoblastic garnet and orthopyroxene form an even grained (~1 mm)
mosaic in which the very coarse hypersthene is set. The garnets which
rim this orthopyroxene are similar in composition to garnets from
elsewhere in the sample, but appear to have formed from the hypers-
opx
the ne po~phyroblast which is strongly zoned rimwards to lower XAl
and highel" x~~x va-iues. T:lese rim compositions for the porphyroblast
are, however, s"im"ilar to orthopyroxene compositions in the equigranular
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ga-opx layers. Thus, the formation of the garnets rimming the
orthopyroxene porphyroblast in this sample is regarded as being
contemporaneous with the attainment of general textural equilibrium
in the sample, possibly during or post-D2. The coarse hypersthene
grain thus represents a pre-D2 porphyroblast.
In 49834, fu ther textural and mineral compositional modification
has taken place with the development of thin lamellar garnet rims
between polygonal orthopyroxenes (02) of the equigranular areas (see
below) .
(3) Kinked and disaggregated coarse orthopyroxenes are traversed
by trails of fine granular euhedral garnet (O.OS-O.l mm diameter).
Such garnet trails may cut across earlier kink band boundaries, or
may form partial rims around broken and ragged orthopyroxene
(figure 6.2d). Garnet formation in these cases clearly postdates
deformation features which are characteristic of D3 and post-D3
shearing (see section S.l).
(4) In some samples (3410 Mt Marsland, 49657 McIntyre Is.,
3918) orthopyroxene suffers partial recrystallisation, along with
garnet, to very fine grained polygonal aggregates and trails of
saccharoidal grains (0.02-0.05 mm diameter). Such aggregates may rim
earlier ngged orthopyroxenes and garnets displaying symplectit-;c
ga-qz overgrowths (figure 6.3a).
(S) In 4319 from Mt Charles, original coarser (1 mm diameter)
orthopyroxenes have suffered complete recrystallisation to polygonal
aggregates ar.d trails of fine grains (0.01 mm diameter). Feldspars
and quartz are also nearly completely recrystallised-to very fiTle
grained aggregates~ w~th only rare relict mesoperthite and ragged
quartz grains present, Euhedral, fine grained (0.3-0.5 mm diameter)
garnet also occurs as aggregates and random grains within the
235
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Fig. 6.3 Recrystallisation and corona textures in garnet-
orthopyroxene assemblages. In all cases:
op ~ orthopyroxene
ga garnet
pl plagioclase
qz ~ quartz
Horizonta1 bars 0.2 mm
a. Polygonal-subhedral aggregates of fine garnet
forming partial rims around lobate, resorbed,
early orthopyroxene. Sample 3970, Mt. Charles
b. Finely and almost totally recrystallised
or'chopyroxene forming polygona1 aggregates,
and occurring with fine euhedral secondary
garnets in a fine mosaic of plagioclase and
quartz. Sample 4319, Mt. Charles.
c. Garnet occurring as exsolution lamellae and as
thin continuous rims around primary orthopyrox-
ene grains. Note some lamellae are continuous
with the garnet rims. Sample 49576, Hydrographer
Island.
d. Garnet (±orthopyroxene ±quartz) forming thick
elongate and granular rims on earlier coarse and
polygonal-'Iobate orthopyroxene. Sample 49406,
Zircon Point.
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re::ystallised masses (figure 6.3b). The marked reduction in
grainsize and wholesale recrystallisation in this sample is attrib-
uted to 03 deformation. Biotite, developed within the recrystallised
areas, forms a foliation which is axial planar to a microfold present
in thin section and is highly discordant to compositional layering.
These features also provide support for the formation of recrystallised
orthopyroxene and garnet in 4319 during 03 (2500 m.a.).
(b) Corona, Rim, and Exsolution Textures.
Secondary reaction textures described below occur in samples
where garnet and orthopyroxene dominate over quartz and feldspars
in the modal mineralogy. In some cases, primary metamorphic gar~et
is not present, and garnet only occurs as rims and coronas on pre-
existing orthopyroxene or orthopyroxene and plagioclase. In these
samples, recrystallised quartz-feldspar textures characteristic of
03 are not developed because of the relative paucity of quartz and
K-feldspar. Thus, the relationship of garnet-orthopyroxene
textures described below to 03 is uncertain, and much regrowth of
garnet may be related to post-D2 cooling rather than to a D3 episode.
Despite this ambiguity, the corona and exsolution features are con-
sidered to be at least post-D2 in age, and therefore give information
on P,T conditions in the Napier province at some time after peak
metamorphic conditions were established.
(1) Garnet exsolution lamellae are developed within ortho-
pyroxenes from orthopyroxene rich scmples, particularly in the Field
Islar.ds and at Tonagh Island (49576,49856,49891). In some cases,
garnet lamellae may be up to 0.05 mm wide (figure 6.3C) and may be
continuous with garnet rims developed between orthopyroxene grains.
(2) Garnet is developed as thin (0.05-0.3 mm wide) lamellar
rims between polygonal-lobate earlier orthopyroxene grains in many
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rig. 6,,4 Corona textures in garnet-orthopyroxene assem-
blages from the Napier province. In all cases :
op orthopyroxene
ga garnet
pl = plagioclase
qz = quartz
sa = sapphirine
hb 1 = hornb1ende
H.orizontal bars 0.2 mm
a. Euhedral-subhedral thick garnet forming as
rims or coronas between orthopyroxene and
plagioclase. Orthopyroxene recrystallises
to fine polygonal grains adjacent to garnet
Quartz usually forms between garnet and
orthopyroxene. Sample 49404 9 Zircon Point.
b, Saccharoidal-subhedral fine garnet forming
coronas, with quartz, which enclose early
lobate orthopyroxene adjacent to plagioclase.
Note development of hornblende on ilmenite
and the presence of a quartz IImoat ll between
garnet and orthopyroxene. Sample 4523 9
Hydrographer Island.
co Sapphirine-orthopyroxene (±garnet} exsolution
lamellar symplectite after garnet, sample
498:7, Tonagh Island.
do As for 6.4c, showing relict garnet breaking
down to sa + opx + ga symplectite. Sample
49817, Tonagh Island.
A237
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samples (49576,49406,49434,49786,49856,49657,49659,4354).
These rims follow original orthopyroxene grain boundaries and
occasionally fill cracks developed within orthopyroxene, illustrating
clearly the late, post 01-02 timing of secondary garnet development
in these cases. In some samples (figure 6.3d), fine polygonal
orthopyroxene, quartz and minor rutile may be developed with the
garnet in the late rims.
(3) Garnet is developed as rims between primary metamorphic
orthopyroxene and plagioclase in 4523 and 49404 (figure 6.4a and
6.4b). In 4523, granular polygonal garnets (0.05-0.1 mm diameter)
from near continuous coronas and trails around orthopyroxene in
contact with plagioclase. Fine polygonal quartz, and occasional
plagioclase, are developed with this secondary garnet, usually
adjacent to the orthopyroxene (figure 6.4b). In 49404, garnet forms
near-continuous subhedral rims (0.2 mm wide) around orthopyroxene
(figure 6.4a). Adjacent to plagioclase grains the secondary garnet
has euhedral outlines, while the rims are more ragged adjacent to
orthopyroxene, where garnet + quartz symplectites and fine polygonal
recrystallised orthopyroxene may develop (figure 6.4a).
(4) In magnesian, orthopyroxene rich samples (e.g. 4833,
49817) pale bl~e sapphirines may be developed as fine (0.02 mm wide!
finger-like grain boundary lamellae on orthopyroxene which also
exhibits rutile exsolution.
(5) In the presence of quartz and mesoperthite, primary meta-
morphic hypersthene and sillimanite may be rimmed by fine grained
(~O.l mm) granular aggregates of secondary orthopyroxene, fibrous
sillimanite, and occasional garnet (e.g. 3971 Mt Charles, 49831 and
49817 Tonagh Island). These coronas occur in samples which also show
03 recrystallisation features in feldspars, and garnet overgrowths on
earlier garnet grains_
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(6) In 49817, from Tonagh Island, one sapphirine-orthopyroxene-
garnet layer exhibits the growth of orthopyroxene rims between
sapphirine and garnet, and lamellar symplectites of orthopyroxene,
sapphirine and minor garnet after ea lier garnet porphyroblasts
(figures 6.4c and 6.4d). These textures can be interpreted to result
from a continuous Fe-Mg-Al reaction involving the movement of the
three phase Ga-Opx-Sa triangle to lower XMg values with changing
. ga(P,T) conditions. Garnet zones rimwards to lower XMg , while
sa
sapphirine zones to higher XAl and higher X~~ values, consistent
with the continuous reactions
and
garnet sapphirine orthopyroxene
(Fe,Mg)3A12Si3012+(Fe,Mg)2A14SiOlO = (Mg,Fe)2Si206+SiOZ
+3(Mg,Fe)A1 2Si06·
As ~apphirine involved in these reactions is peraluminous (section
6.3), the reactions in the actual rock may
of quartz. Under conditions of decreasing
will increase as observed ·in these coronas
not require the presence
temperature, K ga-sa
DFe-Mg
and symplectites.
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6.3 MINERAL CHEMISTRY
I. PRIMARY METAMORPHIC COMPOSITIONS
In most samples studied, both orthopyroxenes and garnet showed
some rimward zoning in composition. The features of these zoning
patterns will be described in section 6.3 11. Compositions of garnet
and orthopyroxene considered in this sectio refer to cores of
analysed grains or to homogeneous areas of grains where zoning
is not strongly developed.
(a) Orthopyroxene
In the assemblages studied, orthopyroxenes are essentially
sol id solutions in FMAS, with only very minor CaO and MnO present ..
In most c~ses, Fe203 calculated from stoichiometry considerations
~mp0sed 01 microprobe analyses is also very low.
Orthopyroxenes are aluminous hypersthenes and Mg-hypersthene:
whicr range in x~~x from .33 to .76 and in x~~x from 0.02 to
0.25 (12.5 wt.%). Orthopyroxenes from quartzofeldspathic pelitic
gneisses alone are more restricted in composition (X~~x = .45- .76,
x~~x = 0.05-0.25), while more Fe-rich orthopyroxenes occur in
equilibrium with primary metamorphic garnet in more pyroxene-rich
samples (3918,4085). Compositions of orthopyroxene cores are
illustrated in figures 6.5-610.
(b) Garnet
Compositions of primary metamorphic garnets are illustrated on
the AFM diagrams of figures 6.5-6.H1-.
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Fig. 6.5 Partial AFM (~Al-Fe-Mg) diagrams of coexisting
garnets and orthopyroxenes for granulites from
the Napier pruvince.
In cases wher~ both open and solid symbols are
given
open symbols ••• rim or recrysyallised grain
compositions
solid symbols •• core compositions.
Sample localities corresponding to numbers in
the diagrams are given in Table 6.1 •
24 ~
• 49434
~ 3597
• 4833
... 4003
... 4834
+ 4005
lo} 4593
x 4006
)(
"
B. • 49382
~ 3423
... 3532
• 4085
... 4547
• 4549
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Fig. 6.6 Partial AFM (~Al-Fe-Mg) diagrams of coexisting
garnets and orthopyroxene~ for samples from the
Napier province. Compositional data and localities
for particclar samples are given in Table 6.1 •
a. Open symbols •••. r·im c:~ recrystallised
grain compositions
b. So'iid symbols ••• core compositions
b. Open symbols fo~ 49607 and 49657
represent recrystallised grain compos-
itions ; other open symbols are for
averaged rim data obtainedin ga-opx-cpx
assemblages.
sa = ~&pphirine.
A2L,2
• 4818
• 4358
" 435S
• 4094
• 4093
+ 4588
.. 4092
x 4354
80 M
B.
A
gar
20 40
• 4523 .4520 • 4510 D 4704
.. 49461 ... 49404 049406 'l49412
60 80
• 49607 • 49657 a
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Fig. 6.7 AFM (~Al-Fe-Mg) diagrams for garnet-orthopyroxene
bearing samples from Tonagh Island. Sample
numbers as given in Table 6.1, along with comp-
ositional data.
Open symbols •••• rim and recrystallised grain
compositions
Solid symbols ••• core compositions.
Tie lines join compositions of coexisting early
and retrograde or recrystallised phases.
Note
(I) Fe-Mg tie line rotation in garnet-
orthopyroxene assemblages.
(2) tie line lengthening by a decrease in
x~~x in rims and recrystallised grains
(3) peraluminous sapphirine zones to
higher Al, XMg values rimwards.
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M
FIG. 6.8 Partial AFM (!2Al-Fe-Mg) diagrams for ga-opx samples from
Tonagh Island (a.) and Mt. Sones (b.) .
open symbols = rims and recrystallised grains
solid symbols =cores
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FIG.6.9 Partial AFM (Y2Al-Fe-Mg) diagrams for ga-opx samples from
Mc Intyre Island (a,) and Mt. Charles (b,) .
open symbols = rims and recrystallised grains
solid symbols = cores
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In most cases, garnets are essentially pyrope-almandine-
grossular solid solutions, with low or negligible MnO present
(~ 3 wt.%). In metapelites, garnets are essentially pyrope-
ga
almandine solid solutions with only minor grossular contents (XCa
up to 0.16 but usually less than 0.06. In these samples x~~
ranges from 0.20 to 0.60. always less than x~~x of the coexisting
orthopyroxene (KDf:=~~x > 1). There is a general increase in it:
with decreasing X~~ in garnets from metapelitic ga-opx assemblages
(figure 6.11b). The most magnesian garnets coexisting with ortho-
pyroxene (X~~ = .55- .60) occur in metapelitic rocks where
sapphirine or sillimanite may be additional phases, and where
plagioclase is absent or very sodic if present.
Garnet-orthopyroxene Y'i ch rock types contai n more Fe-ri ch
garnets (X~~ = .14- .30) which contain significant grossular
component (X~: =0.03 -0.12). These garnets contrast with those from
clinopyroxene-bearing metabasic rock types (Chapter 5) where Xt:
is in the range 0.20-0.22 over a wide range of x~~ ( .06- .32).
(c) Sapphirine
In some highly magnesian garnet-orthopyroxene- and orthopyroxene-
sillimanite-bearing samples, sapphiY'ine is present as primary subhedral
prismatic grains or as secondary rims between grains (49607,4518,
4833,49817). Excess cations over 7 for each 10 oxygens indicates
th f · F 3+. th h' .e presence 0 ml nor e 1 n ,ese sapp 1rl nes.
All sapphirines analysed are Mg-rich (XM9 = .78- .84) and
depart from the theoretical end-member sapphirine composition
(R2+:Al:Si = 2:2:1) because of the substitution R2+Si = 2(Al+Cr+Fe3+).
Analysed sapphirines are thus similar to those reported by Ellis et aZ.
(1980) from Spot Height 945 and by Grew (1980) from sapphirine+quartz
assemblages throughout Enderby Land.
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fig. 6.11 a, Molecular proportions of Al vs Si (per 10 Oxygens) in
sapphirines from various ga-opx rocks. Sample localit-
ies in Table 6.1. Diagonal line represents ideal
substitution 2Al = M2+Si
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b. Xt: (Ca/Ca+Mg+Fe) plott~d against x~~ (cores) for ga-
opx assemblages from the Napier province.
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Sapphir~ne compositions are plotted in Figure 6.11a. The
analytical points dapart from the ideal R2+Si = 2Al substitution l~ne
because of the presence of small amounts of Fe3+ which are not
considered in constructing the diagram. These sapphirines are more
aluminous than those of Grew (1980), but lie in the higher-A1 203
range of sapphirines ~eported by Ellis et al. (1980) (figure 7
from Enderby Land.
Sapphirines coexisting with garnet and orthopyroxene in 49817
show zoning with an increase in X~~ and X~~ rimwards, while garnet
S:'lOWS a dec~ease in x~~ rimwards and hypersthene an increase in x~~x
and a decrease in x~~x This suggests a general expansion of the
Sa-ga-hy three phase field (no quartz) with decreasing temperatu;"e or
increasing pressure. A temperature decrease is inferred from the
increase in KD~:=~~x and the decrease in X~~x observed in the zoning
patterns. In the same sample, scpphirine coexisting with garnet
alone shows an increase in XMg from cores to rims while X~~ decrea.seso
A w'ide (0.1 mm) orthopyroxene ;~im (X~~x = .75, A1 203 = 7-9 wt.%) has
formed between sapphi ri ne and garnet, i ndi cati ng the overall movement
of the Ga-Sa tieline to the Al- and Fe-rich side of the initial Ga-Sa
joi n. (fiqure 6.7a)..
(d) Feldspars
Plagioclase and K-feldspars coexisting with garnet and ortho-
pyroxene are plotted in figure 6.12. Plagioclase shows a wide range
of composition from An15 to An70 , depending on the sample. More
anorthite-rich plagioclase generally coexists with more grossular-
and iron-rich garnets, and with orthopyroxenes of lower alumina
content. These correlations are in accord with the reaction (Wells~
1979) :
Or
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Fig. 6.12 Ca-Na-K diagram (An-Ab-Or) of feldspars from ga-opx
assemblages from the Napier province. Note the highly
Calcic pre-exsolution alkali feldspar compositions.
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ortho- plagioclase
pyroxene
garnet quartz
which can be applied as a geomarometer for the plagioclase-bearing
assemblages.
Mesoperthite K-feldspar analyses have been obtained from area
scans using a defocussed electron beam. Strongly developed exsolution
lamellae have been accounted for by averaging several area scans
(500~m2) on single grains. An important feature of these meso-
perthites from a number of samples (49740, 3935, 3411) is the very
Na- and Ca· ~ich composition of the pre-exsolution alkali feldspars.
(e) Gene~al Compositional Relationships between Garnet and
Orthopyroxene.
(~) Variation of KO~:~~~x with x~~
Values of KDga-oPy for primary metamorphic garnet-orthopyroxe~e
Fe-Mg
pairs (cores and r~ms) and recrystallised grains or coronas are
presented in table 6.1 , KO values obtained from core compositions
are in the range 1.8-3, with Ko:a-opx increasing with x~: (Figure 6.13).
re-Mg
KO data for rim compositions and for secondary garnet-orthopyroxene
assemblages are higher than core KD values, and range from 2.8-3.6
for low x~: samples to 3.4-4.8 for higher x~~ samples (figure 6.13).
In anyone sample, reversed Fe-Mg zoning patterns in garnets
and orthopyroxenes leads to an increase in K ga-opx towards rims andD~e_Mg
in secondary assemblages, at near constant Xta. In typical magnesian
metapelites. KD increases from core values of 2-2.6 to 2.8-3.6 on
rims and recrystallised grains, indicating a general decrease in
temperature with the fo~mation of the rims and secondary assemblages.
The generalised increase in Kga-opx with xg a for both coreDFe-Mg Ca
compositions and maximum KD values (figure 6.13) is in agreement with
5
x
x
x
x x x
xx
~
41-
x
x
0 xx x
XX
x x
•
x
• •
go-opx ~ x xX
KOFe-Mg ><x x;~ x x x I
•
• •
3 x
x x ~
x
•x x xX x X
• •
• X • \. • •
.. ~.~
•
-.
0
.,
e. ...
• •• •21-
•
•
.0 .05 .10
XCoGo
.15 .20 .25
Fig. 6.13 K5 a- opx plotted against XE~ for ga-opx pairs from the Napier province,
Fe-Mq showing the general increase in KO with increasing Ca- content
of the garnet for both core (peak) compositions (filled circles) and
rims or recrystallised asse~blages (crosses)
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experimental observations on the effect of Xt: on KO at constant
x~~x (Chapter 3). However, the natural rock data show considerable
scatter and are thus not directly comparable with the experimentally
determined Ca effect. This scatter results from the influence of
a number of other variables, for example:
in the natural rocks will be
Xopx at constant T andMg
1968), the apparent Ca-effect on KO
(1) Variations in x~~x between samples plotted on Figure 6.13.
Samples from a restricted range of x~~x values only exhibit a very
restricted range in Xt:' so that data with a broad range in Xt: can
b d . Xopx As K ga-opx d . th d .cover a roa range ln ecreases Wl ecreaslng
Mg 0Fe-Mg
P (Chapter 2; also Oavidson and Mathison,
lowered as the more Ca-rich samples are generally more Fe-rich.
(2) The compositional data have been extracted from samples
obtained from a number of separate sites over a wide geographic area
(figure 5.1). Thus it is unlikely that core or rim-recrystallised
grain values represent constant P,T data. Scatter in K ga-opx
°Fe-Mg
may be a result of real P-T differences between samples.
Suites of samples which cover some range in X~: have been
obtained from Beaver Island (three samples), Mt Sones (seven samples)
and Tonagh Island (seven samples). At these localities the samples
have been collected from adjacent layers or from sites which are
only separated by up to 1 km, and thus relatively constant P,T
ga-opx· . .
conditions may be assumed and KO varlatlons attributed solely
Fe-Mg
to compositional variations.
In these cases, particularly in the Beaver Island samples,
minimum or core KO values consistently increase with increasing X~:,
in agreement with experimental observations although not directly
comparable to experimental data because of variations in x~~x and
other compositional parameters (e.g. Mn, Ti).
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This effect of Ca on Koga-oPX (figure 6.13) is very important
Fe-Mg
for the samples considered here in that rim KO values obtained for
low X~: samples 9 which are considered to represent lower temperatures
than core KO data, are similar to core-KO data for higher X~: samples
(KO = 3). Failure to account for Xt: would thus lead to erroneous
r::onclusions ;',::garding the peak metamorphic conditions experienced by
Ca-richer samples and the timing of thermal peaks recorded by
different samples.
(ii) Variatlon of Xcpx with XgaAl Ca
Values of (X~~x)cores and (X~fx)rims or secondary for the
garnet-orthopyroxene assemblages are plotted against x~: in
figure 6.14a and 6.140. In anyone sample, there is usually some
zoning to lower x~~x adjace~t to orthopyroxene rims, and in samples
with secondary recrystallised orthopyroxenes and garnets the latter
orthopyroxenes aiso have lower x~~x than primary core compositions
(section 6.2 11). Using either the core or rim Al-populations, there
is a general decrease in x~~x with increase in x~: between samples.
As in the case of Koga-opx variations, other compositional factors
Fe-Mg(X~~X, I~n contents) and real variations in (P,T) between samples
lead to scatter in the X~~x data. Isofacial samples collected from
single sites (e.g. Beaver Island, Tonagh Island, McIntyre Island,
Mt Sones) exhibit rapid decrease in x~~x with x~: for low values of
Xt:. At larger x~: values (0.10-0,20), the decrease in x~fx with
Xt: is reduced. The general exponential form of the X~fx vs Xt:
data is in agreement with the Ca effect determined experimentally ~n
Chapter 3, wherein a general decrease in X~~x with
was described in terms of a linear variation of In
a function involving Xt:.
increase in Xt:
Xopx (1 Xopx ) withAl • - Al
Q.
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Fig. 6.14 Alumina contents of orth.opyroxenes (X~r =Al/2) plotted
against XE: ·for ga-opx pairs from the Napier province,
Highest Ca assemblages also contain clinopyroxene.
a. core compositions; filled circles for samples
from the Casey Bay area.
b. rim and recrystallised grain compositions.
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11. ZONING RELATIONSHIPS IN COEXISTING GARNET AND ORTHOPYROXENE
(a) Garnet and Orthopyroxene Assemblages
In assemblages containing only garnet and orthopyroxene, with
additional feldspars and quartz~ both minerals usually exhibit
zoning from cores to rims which is consistent with ga-opx tie line
rotation under conditions of decreasing temperature (figures 6.5-
6.10). This anticlockwise tie line rotation is further accentuated
in thOS2 samples where recrystallised ga-opx rims and coronas also
occur"
Garnet is usually homogeneous throughout most of the bulk of
any grain, but deve!ops zoning to lower x~~ values near rims
adjacent to orthopyroxene. In most cases there is no significant
change in X~: accompanying this Fe-Mg zoning. In recrystallised
assemblages, where garnet regrowth has occurred (section 6.2 ),
the new garnets have lower X~~, and sometimes higher X~: than the
primary grains. Some samples show a consistent change in garnet
composition:
(x~~)core > (X~~)rim > (x~;)recrystallised
correlated with a decrease in T Jetween earlier and later events
(see below).
Orthopyroxene coexisting with garnet displays zoning to
greater x~~x and lower x~fx adjacent to zoned garnet rims
(figures 6.5-6.10). I~ear orthopyroxene rims, a continuous change in
X~~x and X~~x from a compositional plateau, (X~~x)core, to (X~~x)rim
and (X~~X )maxi mum occurs J resu iti ng in a seri es ef ort.hop~/tox:?ne
compositions VJhich plot along a tie line direct.ly av/ay f~O\il g,:','tnet.
Recrystal~ised orthopyroxene grains sho\l1 h-;g:ler xMoPX ancIg
lower x~fx than the primary metamorphic orthopyrGxenes,
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Orthopyroxer,e adjacent to recrys ta11 i sed garnet euhedra, garnet
grain boundary lamellae, garnet exsolution lamellae, and garnet
quartz coronas on opx-plag, also shows a marked decrease in x~fx
and increase in xMoPx
.g
These zoning patterns, coupled with compositional data and
textural information from the garnet-orthopyroxene parageneses,
indicate the operation of two coupled reactions proceeding from
left to right w{th decreasing temperature, at near constant
pressure:
FezSi Z06 + M93A1ZSi301Z = Mg ZS1 Z06 + fe3AlZSi301Z
(Fe,Mg)ZSi Z06 + (Fe,Mg)AlZO~ = (Fe,Mg)3A1ZSi301Z
60)
6{Z)
in opx ganet
Reaction (1) is the eqJation describing Fe-Mg exchange between garnet
and orthopyroxene, a1d results in the increase in observed KDga-opx
Fe-Mg
with decreasing T.
Reaction (2) describes Al ..exc~a;lge between garnet and ortho-
pyroxene (Chapter 2), leading to a decrease in X~fx with decreasing
T and to the formation of seco;ldary garnet rims and grains between
orthopyroxenes or on garnet-orthopyroxene (section 6.2 , part 11 )
In those samples where no prima~/ garnet is present (49406,
49404, 4523), the zoni ng patterns if, oV'thopyroxenes and the format~ on
of Ca-bearing garnet coronas on opx-plag, are consistent with the
general reaction:
opx 1
high Al,
low Mg
+ plag
Ca
component
= ga
Fe,Ca
bearing
+ opx Z + qz
10vJ A1,
h-j gh r~g
... 6(3)
which proceeds from left to right with decreasing T (Green and
Ri ngwood , 1967; Wells, 1979).
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(b) Opx-Sill AssemDlages
In the absence of garnet, orthopyroxene in equilibrium
with sillimanite zones to lower X~~x rimwards (figure 6.7a and b)
without significant ~ncrease in x~~x. Ort:lopyroxene compositions lie
essentially on a tie line connecting the rims with sillimanite on AFM
diagrams. These zoni~g features indicate t~e reaction
= co. 6 (4)
in opx qz in oox
In the 30sence of quartz, orthopyroxene in equiliJrium with
sillimanite will contain more A1 203 than that in the assemblage opx-
siil-qz.
Reaction (4) above also describes the formatio~ of second
orthopyroxene-siilimanite aggregates and coronas on earlier orthopyroxene
and sillimanite or garnet in 49831, 3970 and 3971.
(c) Opx ± Ga ± Sapphirine Assemblages
In the presence of sapphirine, primary metamorphic orthopyroxene
grains zone to lower x~~x rimwards, often with only minor change in
Xopx (Xopx = 72-75) AlOin orthopyroxene decreases from 9-11 wt.%Mg Mg • • • 2 3
(cores) to 6-7 wt.% on rims adjacent to sapphirine grains or to
secondary (retrograde) sapphirine lamellae (49607" 49817), with a
correlated decrease in Xopx These zoning f2atures, and zoning ofMg
coexisting garnet to more Fe-rich compositions, can be expla-:ned by
the continuous reaction:
• ". 6 t5)
opx 1
=
garnet
sapphirine low Al opx qz
0,\ .'r <
259
which corresponds to a movement of the three-phase triangle ga-opx-sa
to more Fe-rich COf' ~ositions on an AFM diagi'am such that the original
ga-opx tie line lies within the three-phase f~eld stable at lower T
(figure 6.] a) .
In 49817, sapphirine rims orthopyroxene which has also
exsolved rutile and zones to lower x~~x and Ti02. In this case,
sapphirine may have formed by the reaction:
(Fe,Mg)A1 2Si06 + MgTiA'206 = (Fe,Mg)2A14SiOlO + Ti02
onhopyroxene sapphirine rutile
on a decrease in temperature at high pressure.
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TABLE 6.1 GARNET - ORTHOPYROXENE PAIRS
ROCK LOCALITY XopxAl
Xopx
Mg X
ga
Mg X
ga
Ca
plag P, P T
K ga -opx Comment s XAn at 9000C ga -opx g~xDFe -t1g TEXTURAL COMMENTS
4319
49607
3970
49659
primary layer of lobate ga-opx-felds-si11i. Recrystallisation to
finer opx-felds and ga cOlMlOn. In one layer primary Sapph. has
cornonas cd-sill-~~ or opx-silli-ga.
mutally resorbed v. coarse opx+ga with plagioclase.
Second ga along 0px grainboundal"ies and exsolved from opx .
Subhedral opx-sill i, with lobate Sapph in one part.
Garnet qz + opx in one part, fine recrystallised ga.
coarse (511111) ga porphyroblasts with trail s of sill i inclusions.
Recrystallised finer ga on rims of blasts. Opx polygonal-
lobate. Fine granular ga+.
opx rim and wrap around earl ier coarse grains. Feldspars
recrystallised to fine polygonal grains.
primary lobate ga with subhedral opx. Common symplectite
areas of sill + cd on garnet. Fine recryst.ga also.
primary ragged opx, lobate ga blasts. Abundant recryst. fine
9a, and fine symplectites sill + cd or cd + opx on ga.
early coarse lobate ga-opx. Opx kinked, some recrystallised.
Second fine ga developed on early 9a and on opx grains.
euhedra1 ga and polygonal opx developed with finely
recryst. fe1dspars.
polygonal-lobate ga-opx-plag. Euhedra1 9a ovci'growths
on earl ier ga; a1 so ga-qz symp1ectite on ga. Ga occurs
as lamellae symplectites '::ith qz in opx .
layered into ga-sill-p1ag and ga-opx-plag layers. Some
recrystallised opx; biotite present on opx.
layered opx-ga-qz lobate granob1astic. Recrystall i sed
fine grained subhedra1 ga and fine opx. Primary osumilite
broken down to symp1ec t ite.
ga prophyroblasts in lobate ga-opx-felds-qz. Symp1ectite
fine ga overgrowths on ga with opx.
resorbed poikiloblastic ga. Biotite alteration of lobate
opx. Extensive multipe exso1ution lamellae in feldspars.
elon9ate platy qz+opx+ga. 01 fl attening fabric, Coarse
elongate ga and opx are finely recrystallised, with fine
rare ga along cracks in opx.
stron91y layered into opx+sill polygonal layer, with Sapph
forming on grain boundaries; al so ga+sapph+opx layer
with formation of opx+Sa symplectites on earl ier garnets.
A second recrystallised garnet forms with opx.sa in places.
Opx "ith sill (no qz) is strongly zoned in A1 203 , and 2nd opxforms.
938
800
815
740
780
959
720
950
0.16
755
900
713
943
742
940
740
940
721
810
740
955
895
850
955
900
800
955
814
7.0
7.7
5.8
8.3
Q.6
10.7
5.0
10.5
6.3
11.
5.4
8.5
6.6
7.7
8.2
7.0
9.6
8 .
6.
7.9
5.4
6.7
5.2
8.2
9.1
to 10.8
7.4
~ ,0
7.1
1.2
9.6
9.5
7.9
8.3
8.1
6.4
8.2
8.8
10 .
9.
corcs+sill i
rirns+sa
recryst.+sill i
cores .30
rims 2.!ld
sympl ecti i:o
core
rims+rext
rims .21
recryst.
cores & rims .28
recryst
cores & rims .32
recryst .20
cores .41
recryst
core .42
rim
cores .40
rims .47
recryst
cores .49
rims
cores .47
rims
cores .30
rims
cores
rims
2.22
2.75
2.21
2.77
2.50
2.62
2.46
2.81
2.34
3.69
2.99
3.38
2.59
3.13
2.36
2.92
2.41
3.53
2.81
3.19
2.08
2.47
2.61
2.63
2.97
2.26 cores 10.6 960
2.55 8.6 900
3.11 riCls 1~.3 692
2.28 cores .',8 8.l 8.6 963
3.05 rims 4.5 721
2.81 cores 7.5 900
3.12 rims 5.5 713
2.48 cores .21 7.7 8.8 905
3.08 rims q.7 706
.034
.067
.028
.016
.058
.039
.051
.035
.037
.019
.025
.015
.018
.022
.014
.021
.036
.015
.018
.022
.5·,·2
.490
.570
.530
.425
.395
.323
.485
.465
.450
.420
.550
.510
.589
.556
.414
.350
.440
.413
.523
.510
.490
.528
.508
.594
.584
.540
.530
.470
.549
.525
.527
.480
.735
.780
.620
.644
.543
.555
.742
.7 1,5
.756
765
760
.71 0
.710
.760
.765
.772
.785
.630
.655
.688
.692
.695
.720
.715
.746
.754
.676
.705
.768
.185
.720
.730
•77("!
.775
.734
.740
.215
.125
.250
140
.125
.184
.146
.170
136
.062
.040
.180
.140
.145
.095
.140
.120
.144
.105
.100
.076
.100
080
.175
.142
.132
.155
. 132
.150
.11 0
.190
.11 0
.175
.100
l~O
100
PARDOE
TONAGH I.
3971
49757
layer 2
3973 MT.CHARLES
49657
layer. I
49891 MT.HOLLINGS-
WORTH
3410 t1ARSLAND
3964 DEBENHAM
4518 McINTYRE
I.
3411
3935
49817
49786
49809
49856
49868
3918
49831 TONAGH I.
.200 .723
.150 .740
.220 .688
.135 .721
.120 .729
.210max . 747
.157
.126 .780
.050 .331
.022 .355
.224 .730
.155
.132 .745
.115
.568 .018
.555
.514 .016
.484 .010
.463
.535 .028
.511
.492
.141 .034
.106 (+.023Mn)
.584 .010
.516 .010
1.99
2.28
2.09
2.76
3.12
2.57
2.83
3.67
3.04
4.65
2.37
2.74
cores
rims
core
recryst.
recryst
core
rim
recryst
core hiMn
recryst
cores
rim
recryst.
mi nimum
9.2
8.3
7.7
5.0
6.7
5.5
4.1
6.2
5.0
7.5
8.0
5.7
1000
900
980
758
900
818
725
820
650
960
900
760
coarse ga-opx-qz plus Osumil ite; secondary formation of ga-opx
granu1 es. aggregates of opx-ga recrystall i sed with quartz.
Osu breakdown to variable symplectites.
coarse polygonal ga+opx; ga blast to lcm; Second finger-
like ga as ";ms on opx and as lamellae in opx .
primary granuloblastic poly-lobate ga-opx-plag-qz. Secondary
euhedral ga overgrowth on ga blasts, also fine opx with this
ga. Opx lones to lower XA1 ' higher XMg .
coarse granuloblastic opx+ga, minor kinking and recrystal-
1 i sation wi th fine garnets formed.
well layered gneiss, kspar+qz+opx+ga and euhedral Sillimanite.
Ga as blasts, usually separate from opx, Both types are ragged
and broken, with finer subhedral ga grains formed on ga or in
cracks in opx. Silli grains have finely recrystallised
fibrolite c opx ± g" on them. Also 011 opx.
N
C'l
o
N
(J)
COM~IENTSTEXTURAL
coa,'se lobate granoblastic opx+lobaLe poikiloblastic ga.
Strongly exsolved feldspars.
well layered coarse opx+kspar layer and polygonal ga+sp+opx layer.
Spinel breaks down to Cor+llm+mt. Biotite (later) between layers.
"ell layered elongate granoblastic texture, alternate layers
ga and opx rich. Intergrowth ga+qz on opx in some grains.
lobate, resorbed and disaggregated ga, subhedral nematoblastic
opr. forrning fol iation discordant to layerin9.
well layered into ga-spinel-felctspar and opx-qz rich
layer.
garnet occurs as lamellae, finger-like rims, and fracture fillings
;n coarse, subhedral pyroxene. The pyroxene \0135 pigeonite, now
exsolved and inverted as well as deformed and disag9regated.
coarse plygonal ga·opx-qz, some :·:arginal fine recrystallised
opx. Garnet associated with ilmenite .
ga as rims on pyroxenes with opa(:ue. or as lobate sympleclite
areas with magnetite and minor quartz .
ga as coronas between polygonal-lobate. "y"oxenes and
Inagnetile.
-_._-----------------
polygonal granulobastic 9px+ga and occasional sapph+phlogopite.
Opx zoned. with finger~lHe Sapphirine on opx rims.
polygonal-lobate elongate opx+ga in strongly exsolved
feldspars. '''''rginal fine recrystallised ga+opx on earlier
gra ins .
very.coarse(5mm) op. porphyroblast zoned near rims to lower
Al. Euhedral garnet on rims of this op•. Al so general op.-ga
polygonal granoblastic with even later 9a as lamellar
rims on opx.
granuloblastic, coarse polygonal ga-opx-ilm-qz-plag.
minor second fine euhedra.
g,-allobla,Lir. lObate-polygonal ga + opr. .
elongat·e ribbon quartz layers; recrystall ised qZ+felds.
corrrnon. Elongate lobate antledral-subhedral opx+ga.
coarse lobate gramblastic opx+9arnet: second fine garnet
occurs as thin rims and grains between opx+plag. Garnet also
as sYl1plectite with quartz.
polygonal granuloblastic ga+op. in felds+qz.
layered, coarse lobate elongate ga+opx with minor recrystal-
lised grains of op•. Kfelds strongly exsolved, corrrnon
feldspar recrystall isation .
polY90nal granoblastic opx-ga-felds-qz .
9ranoblastic polygonal to co<"se subhedral opx. Lobate ga or
9as as finger-I ike rims on o~_, 01· lamellae in opx, with opaque.
coarse subhed"al-euhedral pigeonite, with ga lamellae and ga
thin rims \·,ith q•. Pigeonite exsolved to cpx-opx.Oefomed pig.
well layered, s"bhedral to polygonal elongate opx with lobate
ga and lobate "•• -,operth: te,
coarse granuloolastic lobate ga+opx.
granulobastic lobate-polygonal ga+opx, opague comlOOn
mylonite - streaky and flaser textures occur .
granuloblastic polY90nal-lobate ga+opx. Some recryst.
op. rims. Icm porphyrob1ast qa.
coarse granoblastic ga+opx; no qz and rare plag.
770
848
660
880
827
770
940
822
920
668
670
702
67C
650
962
922
955
760
810
670
600
740
636
900
805
920
780
995
800
754
750
700
905
840
940
740
900
760
858
905
1000
770
710
7.9
4.0
6.9
5.5
7.2
7.2
5.6
6.3
5.5
6.1
7.2
7.2
7.4
5.0
1.0
3.3
5.2
5.7
4.3
7.0
5.4
7.0
5.7
6.6
H.0
S.5
,. .6
8.1
8.0
8.5
5.0
3.6
g.
8.8
7.2
6.0
8.5
6.3
5.5
9.9
6.0
12.0
6.2
Y.9
7.2
7.7
7.9
9.2
9 .
7.2
7.6
7.4
U.2
B.b
9.
7.8
8.9
5.9
B.
8.1
10.8
8 _1
(a t800'C)
9.6
(aL800 C)
.31
.24
.40
.33
.52
.36
.341
.58
.27
.42
.27
.57
.57
.60
.37
.45
.52
.40
.50
.66
.52
1.
so:>condary
ga; hi linO
seconda r y
ga
primary
cores
rims
secondary
9a
cores
rims
average
cores
recryst
early opr.
rims with ga
recryst
cores
rims
rims
cores
rims
cores
rims
cores
avera ge
rims
cores
rims
cores
rims
rims and
cores
core
rim
cores
rims
cores
rims + sa
average
2.07
2.14
3.49
3.53
3.67
2.91
3.41
2. g:;
3.70
4.20
3.99
2.28
2.63
2.20
2.38
3.68
2.62
2.93
2.11
3.12
2.71
3.54
2.42
3.12
3. J7
3.32
2.49
2.59
1.94
3.18
.068 .202
.085 .216
.260 .112
. 234 (.1 20~ln)
.275 .220
.242 (.060Mn)
.320 .200
.280
.255
.179 .118
.433 .022
. 304 .050
.265 .048
.467 .029
.480 .029
.470
.460 .029
.489 .053
.440
. 524 .282 .076 2.80
.558 .264 3.50
.690 .470 .028 2.51
./08 .440 3.09
.744.570.029 2.19
.781 .552 2.89
.646 .363 .086 3.20
.700
.753 .516 .028 2.70
.765 .500 .. 3.26
.500 .250 .100 3.00
. 225 .100 3.44
.405 .167 .162 3.40
.018 .230
.029 .465
.090 .585
.030 .590
exsolved ~~
secondary
·~a
4.09 secondary
4.55 ga
.020 .435 .190 .202 3.28 early
.408 .155 3.74 recryst
. I 90 .612
.152 .620
.030 .245
.020
.011 min
.026 .554
.530
.048 .525
.190 .678
.140.700
.164 .652
.051
.064 .565 .294 .086
.045 .570 .295
.020 .580 .294
.190 .676 .456 .042
.130 .685
. 230
. I 50
.120
. 128 .589 .405 .058
.092 .637 .360 .063
.130 .620 .376 .063
.088 .662 .356
.148 .678 .465 .044
.120
.165 .650
.108 .714
.080
.08U .510
.056 .570
.148 .720
.132
.034
.028
.078
.055
.165
.140
.215
.130
.072
WYERS ICE
SHELF
ZUBCHATYY
HARDY
WARD ~OC KS
945
AMUNDSEN
RIlSER
LARSEN
CROHN I.
TRAIL
TRAIL
HT .SONES
SONES
HOWARD
HILLS
MT. TRA IL
3532
4092
4358
4359
4549
4588
1093
4547
4354
4094
49382
3423
3552
49434
4834
49748
49740
3597
4005
4593
._---_.- '-p;..._..... _._----_.__.-
ROCK LOCALITY Xopx Xopx Xga Xga K ga-opx Comments xplag 1 P T
A1 Mg ~\g Ca DFe-Mg An 900_"..C .9_a.:~_ .g~P~_
4003 BEAVER IS. .102 .650 .400 .044 2.79 rims .43 7.2 9.2- 900-
6.7 830
6.0 800
rims /.2 775
49734
3468
49749
4833
4006
xopx xopx xga Xga KO COMMENT X
plag ~ P T TEXTURAL COMMENTSROCK LOCALITY Al Mg M9 Ca An ga-opx ga-opx
4085 MILLER .082 .510 .280 .076 2.68 cores - 6.0 822 coarse granob1astic polygonal-lobate opx-ga with interstitial'
.062 .538 .252 3.46 rims 3.3 700 qz. Ga often interstitial and may have exsolved from opx.
4528 WILKINSONS .1 98 .585 .370 .040 2.40 cores .49 7. 4.0 890 primary ga-opx-cd lobate granoblastic grains. Later symp1ectite
PEAKS .166 .615 .337 3.14 rims (at700°C) 2.0 788 cd-qz, and some symplectite opx-ga.
. \54 Cd present 2.5 788
161279/19 FYFE .038 .483 .192 .115 3.92 secondary - - 4.7 645 finger-like and lobate ga occurs on opx-opaque contacts
.033 ga .as rims and coarser areas .
4510 " .030 .557 .Z45 .193 3.89 secondary .49 9.5 8.0 675 garnet developed as euhedral secondary rims on opx+cpx+plag
.ga (at700°C) 7.2 660 or on p1ag-i1menite contacts.
49461 " .OZO .500 .198 .2Z2 4.06 hi Mn garnet -
-
9.1 658 primary coarse lobate ga+cpx+mt+qz. Strong fine recrystallisation
.011 .507 .150 .222 5.83 recryst to 7.0 640 to cpx+opx+ga. in areas between original grains.
4523 HYOROGRAPHER .031 .544 .239 .193 3.81 secondary .45 9.8 9.5 680 fine garnet as bead-like grains on polygonal-lobate opx and
ga (at700°C) plag.
4520 " .023 .508 .200 .190 4.13 secondary .40 9.3 7.6 040 fine polygonal-lobate granuloblastic ga+opx+cpx recysta11ised
ga (700 u C) from earlier pyroxenes.
4704 FIELD IS. .021 .510 .208 .191 3.92 secondary .50 8.9 9.4 660 ga occurs as bead-like rims and coronas with cpx on earlier
ga (700°C) opx+cpx+plag.
49404 ZIRCON PT. .055 .690 .394 .125 3.197 cores .70 8.8 7.2 730 garnet occurs as euhedral.thick rims between opx and plag
.036 .675 .386 3.421 rims .87 8.4 9.5 680
49406 " .025 .561 .264 .092 3.57 recryst.rims 7.3 720 garnet (+quartz+second opx) occurs as lamellae and rims between
.045 .293 3.09 8.5 640 early coarse opx grains. .
49412 " .020 .448 .144 .198 4.828- recryst .32 8.7 7.9 650 garnet developed as euhedral-~ubhedral coronas in symplectite
.014 3.99 intergrowth with qz, on earlier cpx, opx, ilm and p1ag .
4818 GROMOV .048 .673 .381 .162 3.34 core 12 . 850 polygonal-lobate granuloblastic ga-opx-hb1-plag-cpx;
.362 .189 3.62 rim 9. 770 also some second ga growth as rims on earlier pyroxenes.
secondary 4.5 650
polygonal-lobate granoblastic ga-opx-plag, recrystall ised
ga lamellae on pyroxene rims and as exsolved grains in cpx.
N
(J)
N
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6.4 TEMPERATURES AND PRESSURES OF METAMORPHISM
Temperature and preSSJre conditions of initial metamorphism and
cooling or recrystallisation of the garnet-orthopyroxene samples from
Enderby Land have been estimated based on the mineral composition data
listed in table 6.1 and the textural characteristics described above
and listed in table 6.1 . For any particular sample, a number of P,T
estimates have been obtained, based on the recognised zoning patterns
and recrystallisation features.
(1) Peak P-T conditions are obtained f~om ana:yses of cores of
garnets a~d cores of adjacent orthopyroxene gla~ns> wr2re p~ima~y
metamorphic garnet porphyroblasts are prese~t. Such analyses usually
give the minimum Koga-opX values and the highest values of Xopx Thus,
Fe-Mg Al
the conditions obtained from these compositions will be T
max and a
corresponding Pmin at that temperature"
(2) Averaged core data for garnet and orthopyroxene are
assumed to avoid the problem of possible existence of highly Al-rich
orthopyroxene prior to garnet formation a~d thus may yield more realistic
estimates of P-T conditions attained in p~ograde metamorphism -
inferred to be Ml correlated with deformation episodes 01-D2. Generally,
pressures estimated using averaged data will be higher than Pmin from
(1) above, and temperatures may be lower than T
max
(3) P-T estimates for post-02 (or 01) cooling have been
obtained from rim analyses of coexist~ng primary metamorphic gainet-
orthopyroxene grains. As outlined above, such analyses yield higher
K ga-opx and lower xAoPlx values than core analyses, indicating a
°Fe-Mg
decrease in temperature rimwards. Analyses of coexisting garne"t and
orthopyroxene in some coronas where a second garnet rims ort~opyroxene
yield P-T conditions which in some cases may refer to post-02 cooling.
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(4) Analyses of coexisting recrystallised garnet and ortho-
pyroxene or of orthopyroxene rims adjacent to
) ga-opx(section 6.2 11 above yield maximum KO
Fe-Mg
minimum x~~x data, for any particular sample.
garnet coronas
values, and usually
Minimum T and P data
obta~ned for these cases may relate to cooling or to 03 recrystallis-
ation (see Chapter 5, and section 6.1 above).
I. PEAK MI-M2 METAMORPHIC CONDITIONS
Application of garnet-orthopyroxene Fe-Mg exchange geothermometry
and garnet-orthopyroxene A1 203 geobarometry, developed in Chapters 2
and 3, to core analyses of primary metamorphic garnet-orthopyroxene
pairs enables the simultaneous estimation of peak, or prograde, P-T
conditions. These estimates will be subject to uncertainty derived from
the large experimental errors inherent in the geothermometry
(Koga-opx), experimental errors in the A1 203 barometer, and analyticalFe-Mg
errors. In addition, the P-T conditions indicated by different samples
may not necessarily be time-synchronous. In samples where 01 ribbon
textures are preserved or other 01 textures are present, the peak
P-T conditions most probably relate to a D1 or post-01 age. In other
granuloblastic samples, core analyses may indicate P-T conditions
prevalent just after 02 (see Chapter 5).
P-T estimates for peak metamorphic conditions are presented
along with P-T paths obtained from rim and recrystallised grain data
in figures 6.16 and 6.15. In spite of broad compositional variations
in orthopyroxenes and garnets, from different samples, there is marked
consistency in the P-T estimates for specific localities and between
most localities. The regional distribution of peak P-T estimates is
presented in figure 6.17 .
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Five different samples from Mount Sanes, in the Tula Mou~tainsj
yield pea~ metamorph~c conditions of 900-9500C and 7.5-8.3 koar.
These P-T conditio~s are in good agreement w~th peak meta~o~phic
co~ditions of 910-970oC and 6.2-7.5 kbar est~mated for Spct Height 945
from data of E1115 (1979 ).
Other ;ocalities in the Tula Mountains a~d around Amundsen Bay
(e.g" I"it R';iser Larsen, Mt Hardy, Mt Mars:and, Mt Torckler, Howard
Hills, Mt Ho~lingsworth) also exhibit ev~d2~ce of an early metamorphic
peak at temperatures of 900-9600 C and minimum pressures of 7-8 kbar.
These P-T estimates are Dased on analyses of cores of zoned garnets
and hypersthenes ~n each sample.
Higher pressures of 9-10 kbar, or even up to 12 koar, at 900°C.
are indicated for the initial metamorphic event or peak at Beaver
Island and Crohn Island in the Amundsen B&y area. Minerals in samples
from these localities are not obviously well zoned rimwards ~L:t. :~athe'.·
show more ;~andom i ilhomogenei ty, Thus, the P-T i ntersecU 0;1S oo-;:,a i ;1ed
from data in some of these samples may not be realistic due "~o cifferer"c
closure temperatures of Fe-Mg exchange and A~203 redistribution. It
must be stressed that adequate knowledge of the direct~on and nature
of zoni n9 in the orthopyroxenes and garnets is an esse,lti a1 pre-
requisite to accurate P-T estimation.
Samples from Mount Trail indicate peak metamorphic conditions of
990°C and 8.5 kbar. These estimates are relevant to the conditions of
initial equilibration of the aiuminous hypersthene porphyroblast in
49434.
The diverse suite of samples from Tonagh Island yield P-T
estimates of 1000-9000C and 9.2-7 kbar for the peak of metamorphism in
01 or D2. Strongly zoned assemblages, some with D1 ribbon textures,
yield the highest temperature estimates (> 950°C) and pressures usually
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Fig. 6.16 P-T-time trajectories for ga-opx (±cpx) samples from the
Casey Bay area and Gromov Nunatak. P··T points are based on
core, rim, and recrystallised grain analyses.
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in the range 7-8 kbar. The opx-sil~ assemblage in 49817 yie1ds
a minimum pressure of 7 kbar at 9500e.
In the Scott Mountains further south of Amundsen B2Y~ ~nG 1;1
the Casey Bay area~ pressures during the ~eak of Ml may have been
g:eater than t~ose fJrther north in the granulite terrain. Samples
from Debenham Peak and Mount eharles~ where primary opx-sill-qz was
a stable Ml assemblage~ indicate pressures of 9.5-11 kbar at 950 ±
300e. Peak Ml co~ditions at Mclntyre Island a~d Hydrographer Island~
where coexisting opx-sill and opx-sill-qz are recorded~ are estimated
to have been 9-11 kbar at 950-9800e.
P-T dat~ obtained using garnet-orthopyroxene thermc;netry and
baromet,y developed in earlier chapteis would thus suggest a metamorphic
peak at temperatures of 9500e~ recoraed in the cores of coexisting
garnets and orthopyroxenes. Press~res in the Tula Mounta1ns and arou~d
Amundsen Bay during this peak are estimated to have been 7-9 kbar~
while the pressures may have been greater further south (9-11 kbar) 0
These conclusions are in agreement with those of Sheraton et al. (1980)
who suggest an increase in pressure to the southwest of Amundsen Bay.
Grew (1980) has estimated P-T conditions of 7 ± 1 kbar and 900 ± 300 e
for the formation of sapphirine-quartz assemblages in the Tula
Mountains~ in reasonable agreement with the peak Ml conditions
suggested here for that region.
Eilis (1980) has estimated peak metamorphic cond~tions of 8-10
kbar at 900-9800C for osumilite-sapphirine-quartz oeari~g granulites
from Spot Height 945 in the Tula Mountains. Garnet-orthopyroxene
Fe-Mg distribution thermometry applied herein yields maximum temperatures
of 910-9700e for samples from this locality (3532; and E11is, 1979a)~
in goo~ agreement with the estimates of Ellis (1980). Pressures
estimated using the A1 203 contents of orthopyroxene as a geobarcmeter
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(Chapters 2 and 3) a',"e 6.2-7.5 kbar at these temperatures$ some 2 ;\b~r
below the estimates of Ellis (1980). These calculated pressures are
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these errors> garnet-ortnopyioxene geobaromet';,·y (Chapters 2 and 3)
would indicate pressures of 7-9 kbar at th~s :oc~lity during the
metamorphic peak.
In plagioclase-beari:1g garnet-orthopyroxcne-quartz assemblages
pressures ca~ be estimated using the barometer of Wells (1979)
with activity coefficients for the va',"~ous phases included (Appendix 3 ).
Pressures estimated ~y this technique are i~ the range 7-10 kbar at
9000 C for sampies from both the Tula and Scott Mountains. These
estimates are i~ very good agreement with the range of pressures
obtained from garnet-orthopyroxene oarometry.
One layered sample (3964) from Debenham Pea~ co~ta~~s the
assemblage garnet-sillimanite-plagioclase-quartz. App~ication of the
barometer of Ghent (1976) with suitable activity coefficients included
for garnet and plagioclase yields a pressure of 7 kbar at 9500C for
this sample, compared with 9.5 kbar estimated from garnet-orthopyroxene
barometry.
11. P-T CONDITIONS ESTIMATED FROM RIM COMPOSITIONS
Rim compositions of primary metamorphic garnet and orthopy~oxenes
yield P-T conditions which may relate to grain boundary re-
equilibration during 02 or to post-D2 cooling. In samples where poly-
gonal granuloblastic 02 textures are strongly developed, core alalyses
may be 1dentical to rim analyses and no earlier higher-T peak may be
estimated.
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Temperatures estimated from (Koga-opx) rims are in the range
Fe-i"1g
800-8500 e for most samples where later recrystailisation is not evident
(figures 6.16 and 6.:5; table 6.1 ).
In the Tula Mountains (e.g. Mts Sones~ Hardy~ Miller~ Riiser
Larse~~ Marsland~ Howard Hills, Tonagh Island~ Mt Trail, Hollingsworth,
Beave~ Island), pressures deduced fiom rim analyses of primary ortho-
pyroxene grains coex~sting witn garnet a~e in the range 5-7 kbar, at
800-8500 e. Spec~fic local-;ties where a number of samples are available
show excellent c1uster~ng of P-T est~mates for equilibration of rims
(e.g. Mount Sones, 5.5-6.5 kbar; Tonagh Island, 5.5-6.2 kbar). Such
clustering may be a record of a separate thermal event relatEd to 02
or may be a result of the cross~ng of blocking temperatures of inter-
grain diffusion on coonng, in the absence of recrysta-ilisation.
Samples from erohn Island and Mount Pardoe, 1n the Amundsen Bay
area, indicate greater pressures (8-8.5 Kbar) at 8000 e. S;milar
pressures are estimated for coexisting garnet-orthopyroxene ~ims from
samples at Mount Charles in the Scott MOuntains.
Ill. P-T CONDITIONS OF FORMATION OF CORONAS AND RECRYSTALLISEO
GA-OPX PAIRS
Pertinent compositional data and P-T estimates for the secondary
(retrograde) assemblages described in section 6.2 are presented in
table 6.1 . These P-T estimates are p10tted on the P-T paths of
figures 6.16 and 6.15, and a regional map of the distrioution of P-T
estimates is presented in figure 6.19.
Recrystallised ga-opx assemblages in metapelit'lc rocks from the
Tulo Mountains give P-T conditions of 4-6 kbar and 700-7500 C. A su~te
of samples from Mount Sones suggests recrystallisation at 4.2-5.6 kba:~
2..,. "I:';
a;ld 740-7600 C, whi1e strongly recrystallised samples from Tonag;l
Isiand y-;eld P-T estimates of 5-6 kbar and 740-780oC for t:'"1E: recrys-
tallisation. At some other localities, recrystallisation of secondary
garnet appears ~o have taken place at higher pressures (9-7 kbar,
Mt Pardoe) or !ower pres~u~es (3.5 kbar, Mt Trail) in the same
temperatu~e ran92 (700-7500 C).
Recrystallised ga··opx and ga-opx-sill assemblages inferred to
have developed in 03 at Mount Charles give P-T estimates of 5-6.5 kbar
at 740-7200C. Extensive recrystallised ga-opx assemblages at
Mclntyre Island, also pcssibly developed during 03, are suggested to
have formed a~ 4.5-5.5 kbar at 700-7300 C. Just south of this locali~y,
at Zircon Point (~ilforma-i name), garnet-bearing coronas formed on
pr)mary orthopyroxene-plagioclase assemblages at 7-8 kbar and 720-7400 C.
Further compositional zoning in these coronas indicates continued
equilibration to lower temperatures of 640-6800C at pressur2s of 8-9
kbar. The latter P-T conditions are in good agreement with conditioils
prevalent after 03 at Fyfe Hins (650°C, 5-7.5 kbar; see Chapte;~ 5)
and Hydrographer Island (640-6700C, 7.7-9.2 k0ar).
Post-D2 recrystallisation and corona formation appear to
have progressed at P-T conditions of 700-7500C and 4-7 koar over much
of the Tula Mountains-Scott Mountains area. Lower tempera~ures of
650°C and pressures of 5-9 kbar are indicated for corona forma~ion in
assemblages where garnet was not a primary metamorphic phase. In some
cases the corre1ation of the P-T estimates with 03 time can be rlemon-
strated on the basis of textural information~ however many recrystallised
assemblages may only be recording a post-02 cooling history rather
than the overprinting of earlier assemblages by 03 deforma:10n.
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IV. P-T TRAJECTORIES BASED ON GARNET·ORTHOPYROXEI~E THER~IOMtTRY
AND BAROMETRY
P-T paths for individual samples ard groups of samples are
presented in figures 6.16 and 6.15. The recognitio~ ef several
generations of garnet and orthopyroxene has enabled t:le construction
of these paths, which record the P-T evolution of the southwestern
pa:t of Enderby Land through time from 01-02 to 03. The most prominent
feature of these P-T - time paths is the near-isobaric cooling path
demonst~ated for western Enderby Land over the time span 3100 m.a. (01)
to 2500 m.c. (03). This feature, and other features of these P-T
trajectories, will be discussed along with P-T information recorded in
Chapter 5, ~n a general ~eview of the metamorphic evolution of granu-
lites from Enderby Land presen~ed in the following chapter.
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7.1 METAMORPHIC EVOLUTION OF THE NAPIER PROVI~CE
A summary of the P-T estimates obtained in Chapters Five and Six
and by other workers for gY'anul ites f:-'om the I~ap-ier prrwince is
p~~sent~d in Ta~e 7.1. The constraints af ml~er~) equilibria have
enabled the elucidaticil of peak metam(;',"pnic cond':bons inferred to be
;"E:lated -Cc D: 0',' 02 deformation episode:::, cOJ',ing paV1s from this peak,
and P-T conditions prevalert during D3 (2500 m.a,). Such P-T estimates.
based or, differed thermometers and barometers, are distinguished in
Table 7.1.
(a) Comp~rison of the thermometers/barometers
Thi s compari son is mad,:: for the data from southwestern Enderby
Land (figures 5<22~ 5.23 and 6.17-6.19). The sensitivity of the various
thermometers and barometers and some indication of their closure temper-
atures (e.g. E11is, 1980)j can be judged from the data obtained in
Chapter 5 and 6 and summarized in Tab'le 7.'1,. Consistent T estimates
for peak metamorphic conditions arc ootfined using a range of techniques
lTa~e 7.1). In general, over a large area (10,000 km2) temperatures
of greater than 900°C, and probably as high as 950°C, were attained
during or after 01 and perhap~ in 02 (~3000 m.a.). A variety ef geo-
barometers, in particular the garnet-orthopyroxene A1 203 barometer
developed herein. indicate pressures of 6-1 0 kbar corresponding to
crustal depths of ~20-30 ki'lometres during this metamorphic peak. These
pressures are suggested to have been sustained during post-D2 cooling
to temperatures of 800-700°C.
Metamorphic temperatures prevalent dur~ng 03 are 2stimateri at
620-720°C by garnet-cl inopyroxene Fe-Mg exchange thermometry (E'j 1is
and Green, 1979) and garnet-orthopyroxene Fe-Mg exchange thermometry
Table 7,1 P-T ESTIMATES FOR THE NAPIER PR.OVINCE" ENDERBY LAND
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'rHERr1Ot4ETER / Ml-M2 PEAK COOLING/ SYN- AND
BARO~1ETER IN 01-D2 EXSOLUTION POST-D3
3000 M.A. 2500 M.A.
--( ...--._,_.
TEMPERATURES °c
Gar-cpx Fe-Mg Ko 890 -850 -..- I 720 ""- 620
Gar-opx Fe-Mg Ko 1000 ..,. 860 800 .. 70G I 1'00 . 640IFe pigeonite 960 - 925 -,".
-
stable
!Sa-qz stable 950 - -
(Ell is, 1980)
1Gar-biot Fe-Mg Ko -
- 650 . 600
ITwo-pyroxene
solvus 950 ".. 900 800 s 3Ci 750i
PRESSURES (KBAR} I
i
Cpx-plag-qz 12 .. 10 - -
(Ell;s ,1980) I
Gar-0px A1 203
6 .. 8 1u'ia 7
- 5 9
- 7 and7 - 10 :';coti: to 5
Gar-sill-plag-qz 7 + ~ ! ..-- --.1.
I
Gar-opx-plag-qz 10 ", 7 I 10 - 8.5
I iGar-cd··sill-qz 6 ± 1 N;:"pier I - -0Si 11 imanite 11 at 950 C i 8 at 750°C 7 at 650 0 C
stable i
_...1._._..____
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(Chapter 2 and 3). In climparison, garn·:t-biotitE: Fe-filg exchange (Ferry
and Spear, 1978) suggest temperatures d 6LJO··650°C for the formation
of secondary biotite in 03 ·';r after 03, Tile tl,/o··pyroxene solvus
thermometers yi el d mi nimum temperaturt:~ for ["ecrysta': 1i sed pyr0xene
assembl ages which are higher than suggested by Fe-Mg exchangE t;1ermo··
I'ileters. At low temperatures « 800°C), the two-pyroxene thermometry
is unreliable ~s it 1S rather insensitive to large changes in temper-
ature and becaL'se of the possibility that the recrystallisation
reactions in D3 proceed at temperatures below the blocking temperature
of the two-pyroxene miscibility gap (Ell is, 1979).
Pressures attained during D3 are suggested to be 7-8 kbar, based
on the continued stability of sillimanite in most metapelites but
sporadic occurrence of kyanite in some localities (e.g., Sheraton et
aZ.~ 1980) and the stability of garnet in rocks approaching a quartz-
tholeiite bulk composition (Chapte, 5? figure 5.24). Garnet-orthopyro-
xene A1 203 barometry suggests pressures of 7-9 kbar, just within
the kyanite stability field (fig, 5.24), for the formation of garnet-
bearing coronas in cZinopyroxene-bearing samples (Chapter 5, figure
5.23). Recrystallised garnet-bearing assemblages and garnet-coronas"
possibly formed during D3, which occur in metapelites and cZinopyroxene-
absent orthopyroxene + plagioclase rocks (Chapter 6), suggest pressures
of 5-8 kbar over a broad area of southwestern Enderby Land at this
time (fig. 6.19). These latter pressures are consistent with the
observation that secondary garnet-clinopyoxene-qz assemblages are only
sporadically and locally developed in the metaignEous two-pyroxene
granulites of the Napier prcvince, and are mainly restricted to the
Scott Mts/Casey Bay area (fig, 5.23).
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(b) Regional distribution of P-T conditions at.peak CM1)
A synthesis of P-T estimates obtained in Chapter 5 and 6 for
primary metamorphic mineral assemblages based upon core analyses, is
presented in figure 7.1. Temperature estimates recorded in th1s figure
are based on maximum 2-pyroxene temperatures, the stability of pigeon-
ga-opx:te, and KO thermometry. Pressures indicated in Figure 7.1 are
Fe-Mg
based on garnet-orthopyroxene A1 203 barometry of samples considered
in Chapter 6. Pressures calculated from CaTs-An-Qz equilibria
(Chapter 5) are generally greater (by ~ 2 kbar) than those reported
on figure 7.1, but are not considered reliable for reasons discussed
in Chapter 5.
In the Tul a Mounta i ns··Amund sen Bay-Scott Mountains region, peak
metamorphic temperatures attained at perhaps 3000 ma.(in 01-02) consist-
ently reacil 950°C. A regional pressure gradient is indicated, however,
by comparison of the P-T paths depicted in figure 7.1a and 7.1b. In
the Tu1a Mts-Amundsen Bay region Ml pressures are 6-8 kbar, while south-
wards in the Scott Mts. (Mt. Charles) and in the Casey Bay-Fyfe Hills
areas pressures of 7.5-11 kbar are suggested by the garnet-orthopyro-
xene A1 203barometer. A1 203 contents in orthopyrcxenes from garnet-
orthopyroxene samples from the Tula Mts-Amundsen Bay area are ~n the
range 9-11 wt%, while in the Scott Mts-Casey Bay region A1 203 contents
are 6-8 wt%.
(c) Regional distribution of P-T conditions post-02 and during 03
(2500 ma)
The regional pattern of P-T conditions attained subsequent to 02,
in a period of post-deformational cooling, is indicated in figures 6.18,
6.19 and 7.1. These diagrams are ba~ed on data obtained from zoning
relaticnships in minerals and rim or recrystallised grain compositions
2810
Fig. 7.1 Summary of P-T estimates and P-T-time paths
constructed for granulites from the Napier
province from the data of Chapter 5 and
Chapter 6. Diamond shaped boxes cover P-T
estimates for peak 9 cooling, and 03 episodes
as indicated. Slopes of upper and lower lines
bounding these diamonds are the slopes of
A1 203 isopleths (opx). Arrows connect P·,T
data obtained from individual samples and
groups of samples from adjacent or nearby
local ities.
a, Tula Mts. and Amundsen Bay localities.
Sample from Crohn Island indicated by
s'loping lines at 12 kbar, 900-940°C
bo Scott Mts. and Casey Bay area. Open
diamonds for sample from Mt. Hollings-
worth. Separate arrow joins P-T data
secondary ga·opx assemb'lages from
Fyfe Hills and Zircon Point. (low T
diamonds).
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documented in Chapter 6, ThE:; data may not 11t:~cessar~ly represE:nt P-T
conditions prevailing ~~ the Napi~r orovinre at one p~int of time
because of the lack of adequate KGowl~dge of the timing of rec~ystal-
1isation or rim-compos~ti0~ adjustme~t in different samp1es i~ relation
to D3 &~d b2cause of the long time s)an (300-500 mal ~e~weer 02 and
D3" inferred from geochrcnclogical d3ta (JClme:: and Black, 1981).
P···T est-imates over the \!h01e Tu'a iVits-Scott Mts are~ fer the
02 .. ·03 i nterva1 are con si stentl y i;1 tile ;~::lnge 5·-} !<bar and BOO-·600oe
P-T conditions deduced specifically to relate to 03 recrystallisation
are also illustrated in Figure 7.1; ~nd indicate lower t~mperatures
during this deformation episode than wer~ pr~valent during post-D2
cool ing. Orthopyroxene A1 203 barometry of Ca ricil 9J.r71et r cl inopyro-
xene + orthopyroxene assemb'l ages ci sCL":s:~d i7'1 Crl&pter 5 indicate
pressures of 7-9 kbar duri ng the 03 eveilt ~:oLlth of Aml!ndsen Bay. These
pressures are somewhat higher thc;n t:'iose estimated in Chap'cer 6 for
recrystal1 ~ sed Ca-poor gaNlet + 0pX C::.::;serllbl age:; thOllght to have formed
during 03 (5·7 kbar) in the same geog'."c:pnic area, Th'j s di screpancy
may be a real pressure difference of up to 2 kbar, linked with differ-
ent timing of the garnet-forming reactions in re1atio .. to D3 deforma-
tion and post-D3 shearing, or the 2 kbar discrepancy may be an artifact
of the geobarometer calibration. The cpx-opx·-ga assemblages of Chapter
5, for which the higher D3-ev2nt pre~SL'rE:S are obtained, aY'·e the most
Fe- and Ca-rich garnet-o~thopyruxene assembl1ges studied from the
Napier complex. As the garnet-orthopyroxene barometer applied to these
rocks was calibrated in the C~-bearing system only for more magnesian
compositions (X~~x ~ 60) (Chapter 3), and as symmetr~cal r~gui&~
solution behaviour in Ca-iVlg .. Fe was assumed for garnet in the thermo-
dynamic treatment of the experimental data, any deviations from the
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assumptions in Chapter 3 may lead to an overcorrection for the effect
of Ca on A1 203 solubility i1 orthopyroreile in th2 Fe-rich systems
where the x~: compositional term of eGu~t,on 3(15) is larger.
N8twithstantiing these possible errors in the geobarometry, the P-T
condit1nns inferred for the period around D3 (2500 mal in the Napier
province are consistent with the observed mineral assemblages formed
during that period and the apparent continued stability, in most areas,
of slllimanite. lhe estimated pressures for ga-cpx-opx assemblages
(see figure 5.24) lie within the kyanite stability fiela (Day and
Kumin, 1980) bc:t kyanite is only rarely observed in metape'·;tes affect-
ed by 03. The P-T estimates are, in general, within 1 kbar of the
kyz.mte-sillimc.nite inversioi1, and there is sufficient error 1:1 the
barometry-thermometry (± 1 kbar, and ± 50°C minimum errors) to allow
the stability of sillimanite or kyanite in aluminous metapelit2s
(d) Retrograde (coo1ing) P T paths for the Napier Ccmplex ~n the
interval 3000-2500 ma.
The P··T information given in Chapters 5 and 6 is surrmarized in
the two regional P-T traj~ctor~es given in Figure 7.1a and b. In the
Tul a Mts-Amund sen Bay region (fi gure 7 ,'j ii), the thermometry-ba rometry
techniques indicate a coo1i;lg history, 0\" an episodic P-T evolution,
over a temperature range of ~ 300°C ;n tre period 3000(?)-2500 ma.
During this interval, pressures decreased from 6-8 or 9 kbar at
~ 3000 ma, to 4-6 or 7 kbar after D2 and possibly near D3 time. In the
Scott Mts-Casey Bay region, initial peak metamorphic pressures were
greater (8-11 kbar) but a simi"; ar pareTI el P··,T -time trajectory can be
constructed.
In a strict sense, the P-T trajectories illustrated in Figures 7.la
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and b, and previously depicted ii, F:gu·."es 5,24, 5.:5 0:10 6.l6~,are not
continuous P-T paths as the d~ta on whic~ they ~re based is necessarily
of a discrete or episodic nature. The actual P-T-time path of a
particular sample between any two P-T datum points, such as obtained
from cor~ analyses and contrasting rim analyses, cannot be determined.
The fact that garnet does not break down between cores and rims (or
recrystallised grains), and that sillimanite does not invert to :<yanite
during growth, constrains the possible path between any two P·T datums
obtained for a particular rock and indicates that wild fluctuations
of pressure did not occur between P-T points. Th~s. arrows dr~wn
directly between the separate P-T boxes of F-;gure 7,1 are cons'leered
to be reasonable mean P-T-time paths.
The trajections drawn in Figure 7.1 (a) and (b) m:::.y be ~nt,~rpreted
in t~~ ~ontrasting ways:
(1) The P-t-time paths are cooling paths, i.e., a continuous cooling
from peak metamorphic cond; tions down to temperatures where reaction
kinetics ere so sl uggish that no further textural and compositional
adjustment occurs. In this interpretation, reaction coronas and re-
crystallised secondary assemblages are conside~ed to be formed by tr.e
gradual I'overstepping" of reaction boundaries or by the continuous
movement of 3-phase fields across bulk compositions during cooling.
The euhedral shapes of secondary garnets, the formation of garnet both
as exsolution lamellae and thin rims along pyroxene grain boundaries,
the presence of randomly orie~ted reaction coronas in some samples,
and the continuous near-rim zoning in some coexisting minerals are all
consistent with such an interpretation.
(2) The P-T-time data points record separate~ distinct metamorphic-
deformational (tectonothermal) episodes, i.e., each P-T data point for
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a sample records an actual "event!l, In this inte~'pret:adon, the corona
and recrystallisation textures are rela~ed ~o definite thermal peaks
or jumps which punctuate the general P- T·time evo1 utionary path. Such
a;l interpretation al1o'l-Js loops, jumo£ c{:d go.ps i:l ne P·T r:ath. The
association of many coronas and secondary recrysta~l~sed assemblages
with 03 textura1 feature~, th2 alignment of coronas and recrystallised
trails in some samples, and the distinct higher-pressure regime indic&t-
ed for some cotone·. assemblages are evidence in favou',' ef this interpre-
t~t";on for at leas'c the lower temperature part of the P-T path (03
tectonothermal event).
The generalised P-T-time trajectory for these granuiites from the
Napier Complex is one of near-isobaric cooling over an. apparently,
prolonged period of time. This P-T trajectory is consistent with the
isobaric cool ing hi story of Enderby Land proposed by Ell is et al. (1980)
and Ellis (1980), based on studies of aluminous metapelites. Cooling
through 300°C has occL'rred over a time span of some 200-500 ma, with
uplift during this interval of only 6-9 kilometres from original crustal
depths of 21 -30 kilometres. The (dP/dT) path 0f the granulites now
exposed in Enderby Land was only 10 bar/QC in the 01-03 intervcl
(2-3 km uplift per 100°e), a shanm'J~volutionary path in contrast to
the near-isothermal uplift trajectories inferred for many other meta-
marphic terrains (e.g., Norway - Griff;n, 1971; Scotland - OIHara, 1977).
Using a time span of 500 ma.to 200 ma.fnr the interva1 between 01-02
and 03, and the P-T estimates of Ta~e 7.1 and Figure 7.1, calculated
uplift rates are very slow indeed (2-6 cm/1000 years). Such up"lift
rates, and related erosion rates, correspond to a tectonically stable
crustal environment but may be unrealistically low as the combined
effects of more rapid uplift-cooling and prolonged periods of stability
at near P-T conditions are smeared out.
P-T data suggest some crusta1 thickening and dpepening at the
time of D3 (Figure 7.1), in the southern part of the area studied.
285
286
7 2 TECTONIC IMPLICATIONS OF P-T-TIME EVOLUTIONARY PATHS
The recognition of near-isobaric cooling over an extended time
interval (200-500 mal for the Napier province granulites provides a
constraint on the possible tectonic models applicable to the metamorphism
and evolution of this region of Archaean lower crust.
An isobaric or near-isobaric cooling path for a metamorphic province
is a product ef the interaction between erosion rates of tectonically
thickened crust and thermal relaxation of the crust to the steady-state
geothermal grad i ent. Eng1and and Richardson (1977) h2.ve shol.r,fn that
near-i sotherma'! upl ift p<..ths will be characteri stic of metamorphic
belts formed by continental collision or overthrusting processes, where
rapid erosion rates of the tectonically thickened pile predominate. In
contrast, moderate to isobaric cooling paths may be developed in meta-
morphic belts formed in crust thickened by magma addition if conductive
relaxation dominates over erosion rates. Wells (1980) has developed
magma-accretion models for the metamorphism of Archaean crust dominated
by metaigneous rocks, wherein near-isobaric cooling paths may be gener-
ated given sufficiently long periods of accretion of large quantities
of magma and slow erosion rates (e.g .. accretion tim2s of 20 ma.)
Two major problems w~th magmatic-accretion modelS for the tectonic
evolut'lon of the Napier complex in the Arch"ean a'j'e:
(1) The time·"span of the near-i:sobaric cool ing path for the Napier
complex is extremely long.
(2) The multiple-deformation history cannot be correlated with
successive magma-additions, in fact intrusive magmatic bodies are rare
in the Napier province. Defin~te evidence of large scale magmatic
additions to the crust prior to or during Ml is very limited as
intrusive charnockites are only rarely observed. The ultimate origin
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(i.e." volcanic/crustal or intrusive) of the layered pyroxene granu-
lites and the widespread charnockite-pyroxene granulite seque~:e is
not knovm.
On Hie basis of a large positive modified ft~ee air gravity anomaly
under {he granulites of the Napier province (Wellman and tingey, 1977 ),
Ell1s (1980) has postulated the presence of a mantle diapir (i.e.,
IIhotspot") or mantle derived magmas under the granulites. Such a
diapir or magmatic accumuli'.. t-ion may h&ve acted as c:.. h2dt s'Ju'rce respons-
ib-;e for the high temperatl're peak metamcrpi'lisff,.
It is generally agreed that th2 metJm:irphism of tile Eilderby Land
granulites, and the subseqeunt ~ear-isob~ric coo~ing history, has been
produced by some magmatic or :hapric (mant-i2 IIhotspot") disturbance
in the basal heat flux into the I owe',' «("ust (El',-;s, '!980; Shenton et
aZ.~ 1980; Grew, 1980). Grew (1980) propo'::e:. further that t}le appar-
ent regional metamorphic terrain of the Napier province m5Y be a
regional-scale aureole over':ying deeper ?l',orthositic (or m~gmatic)
massifs, analogous to the gra~ulites of the Nain Complex (Berg~ 1977a).
However, anoY'thosites :'ICive not been observed in t~E:: Napier province
(except for very minor, local anorthositic layers), nor have other
intrusives common~y associated with anorthositic complexes (e.g .•
syenites).
An alternative model for the metamorphic evolution of the Napier
province involves a change in conductive basal heat-flux into the
lower crust resulting from movements of the thickened crust over a
laterally heterogeneous mantle.
It is envisaged that the thickened crust may have moved across
under1ying mantle and become resident upon a relatively fertile,
288
undepleted, radioactive-element enriched area of upper mantle which
provided a greater basal heat flux into the crust over a prolonged
period of time. Migration of the Archaean craton over such Qn
enriched iuteral heterogeneity in the mantle would lead, eventual~y>
to a bioad scale regional heating of the lower crust to temperatures
above Ihe steady-stateArchaean geotherm. Continued migration of the
deformed and heated crust back onto more differentiated and depleted
mantle vlOu',d result in slow thermal relaxation with low erosion rates
as tile heat soutce is removed.
The model QUI'I ~ned above 'requires two fill,iv,' Ch2~Ya:ter~st~:s in
the Archaean crust-mant1e system:
n) An incompletely differentiated;. li':lt.erally hd,=rC'gene,~us upper
mantle i:1 the Archaean (cf. Green) ':98';).,
(2) This upper mantle is vi~tual1y d~coup1ed from the over1ying
crust, i.e. the continental crust ccmprlsed most of t~e continental
lithosphere and did not drag a thick ~ayer of mantle along with it.
Thi s characteri sti c. ': s suggested by estimates of heat-production from
radioactive elements present in the Archaean earth. Higher average heat-
flow at 3000 ma.(e.g., Green, 1975, 1981; Davies, 1979; Tarney and
Wind"iey, 1977; Baer, 1977, 1981; Hargraves, 1978) may have resulted
in thinner continental lithosphere than exists today, Several authors
(Baer c 1981; Chapman and Pollack, 1977; Davies, 1979; Hargraves, 1978;
Jordan, 1978) suggest that present day continental shield areas have
thickened root zones corresponding to a lithosphere of chemically
distinctive, "su b-continental 'l mantle up to 200-400 ~dlometres, such
root-zones coupled to contineiltal slabs would not be possible (e.g.,
Baer, 198'i ) until after the depression of steady-state geotherms in the
sub-continental lithosphere was accomplished by depletion of this
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mantle in radioactive elements through differentiation processes such
as melting, formation of thickened crust, and granulite metamorphism
(Baer,198"1). Prolonged crustal stability (as suggested by uplift
rates determined from P-T paths) in the Napier province in the period
after 3000 ma. and 2500 ma. may have been brought about by thickening
of the sub-continental lithosphere which remained coupled to the
continental crust.
The very slow uplift rates and apparent prolonged period of lower
crustal residency for the Napier granulites l ~ 500 ma.) indicate that
this area became an essentially stabilised craton after 3000 ma., with
further deformations and tectonothermal events possibly representing
adjustments of this stabilized and unified crustal area. The slow uplift
rates have analogies in some Archaean-Proterozoic shield areas exposed
in continental nucleii today. For example, the Gawler Block of South
Australia is partly covered by undeformed shallow shelf sediments and
flat lying volcanics of mid-late Proterozoic age ( ~ 1100 ma.)
( Gawler Range Volcani cs ). The present el evation of these sediments
suggest uplift of the Gawler block of only 1 km over at least 900 ma.
Lower crustal gneisses or granulites which underly the Gawler Block
would thus have a prolonged history of development with negligible
upl Ht rates.
Table 7.2 p,.r EST IMATES FOR ARCHAEAN HIGH GRADE TERRANES.
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AREA
Greenland:
Buksefjorden
Fiskenaess2t
Ameralik
Scotland :
Scourie
South Harri s
U.S.S.R. :
Aldan shield
Kola Peninsula
Stanovik
Anabar massif
Limpopo Belt, Africa
India :
Si ttampund i
Western Australia:
Quairading
Antarctica :
Enderby Land
P(kbaY'}
5 . 6
9 . 11
15
12
10 ~ :3
Cj " 11
11 - 12
9 - 10.:>
4 '" 5
8
10
7 - 8
9 - 10
5
10
7
7 - 11
630
810
650 - 700
800 - 900
700 - 800
1250
1000
800 - 860
700 - 800
925
960 - 1020
835 - 875
830
800
850
800
800
900· 950
950
REFERENCE
Wells (l9761,
We 11 s (1979)
8ickle (l978)
Griffin et. al. (1980)
o'Hara (1977)
Savage and Sills (1980)
Wood 0975)
Kitsul &Kopylov (1974)
Krylova &Priyatkina(1976)
Karsakov (1973)
Lutts &Kopaneva (1968)
Nixon et.al. (1973)
Sickle (1978)
Davidson &Mathison(1974}
Ell is et. a'j 0 U980}
Grew (1980)
this study
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7.3 IMPLICATIONS FOR ARCHAEAN TECTONIC MODELS
Any thermal-tectonic models of crustal evolution in the Archaean,
for instance, mOdels deducing the intensity and importance of plate-
tectonic processes, must fit the constraints of the extrapolated
thermal budget of th~ ecnh (Sickle, 1978; Chapman and Pollack, 1977;
Baer, 1981; Hargraves, 1978) and the geological constraints provided
by studies of Archaean high-grade gneiss-granulite terrains and
greenstone belts.
The P-T estimates obtained for Archaean metamorphic belts provide
constraiiits on the thickness of continental crust, and on the maximum
geothermal gri1(:\";E:i1ts in that crust, in the Archaean. As discussed
previous"iY and as considered by many workers (Turner and Verhoogen,
1960; Ellis, 1980; Bickle, 1978; Watson, 1978; Engl011d and Richardson,
1977), the metamorphic geothermal gradients obtained from studies of
granulites will be higher than steady-state geotherms as the metamorphic
geotherm is a disturbGnce of the steady-state condition.
The geobarometry of the Napier province granulites from southwest
Enderby Land indicates that crustal thicknesses of c.t least 2"1 -30 km
were attained i~ the region by 3000 ma. These estimates are 3pplicable
to rocks now exposed at the surface and themselves underlain by
:::; 35-45 km of crustal material (Grew, in press).
Thus, crusta1 thicknesses of up to 50 km may have been developed
in the Napier province by 3000 ma., or a~ternatively the present under-
lying crust may have been developed by underpi3ting processes since the
Archaean. The relative crustal stability inferred f~om estimated uplift
rates for the Napier province in the period 3000 ma-2500 ma. suggests
that substantia' additions to the crust were accomplished before 3000
ma. and that the Napier province then acted as a stabilised continental
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j'iucleus wHh a crustai thickness similar to present-day shield areas.
P-T data for other AY'l':haea:l high-grade metamorphic provinces (e.g.,
Chapter 4) also indicate substantial crustal thicknesses, similar to
p;'esent··day shield areas, attained by the end of the Archaean.
Geothermal gradients for t~e Nap~er province granulites are
moderate &nd comparable ~~th those obtained from other Archaean and
younge'!" metamorphic belts. A grad'ient (,f 53-35 9'C/~m is calculated
for the peak metamorphic conditiGns. B~tween ~ 3000 ma. and 2500 ma.
these geothermal gradients decayed to 47-31 QC/km (at 800-700°C) and
31-27 QC/km (et 650°C). These v&~ues &(8 not higner than gradients
estimated from most younger metamorphlc bei ts. It I s therefore suggest-
ed that the greater amounts of heat generated by decay of more abundant
radioactive nuclides present in the Archaean earth must have been
di ssipated by faster or more interise crustal creation/destruct'ion and
convective processes operatii'lg ii1 Archaean oceanic 1ithosphere~ as
proposed by maI1Y recent workers orl Archaean thermal regimes (e.g. ~
Bickle~ 1978; Baer~ 1981; Green~ 1975, 1981; Hargnves~ 1978),
Appendix 1
THERMODYNAMIC CONSIDERATIONS IN GARNET -ORTHOPYROXENE EQUILIBRIA
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APPENDIX mE
THERMODYNAI.'1IC CONSIDERATIONS IN qARNEr-oRlliOPYROXENE EQUILIBRIA
Ll\l.l INTRODUCTION
The reaction governing the A.l z0 3 content of orthopyroxene in equili-
brium wi th garnet may be wr i tten as
on:hopyroxene solid solution
=
garnet
(1)
(Boyd and England, 1964, li.1acGregor, 1974; Wood and Baimo 1973; Wood, 1974),
for which the condition of equilibrium is
(2)
wl1ere 1J refers to the chemical potential of the components in the phases.
With the standard states taken as the pure phase at the T and P of interest,
(1) becomes
(Wood and Banno r 1973)
1Jo := chemical potential of component in standard state
1
a. = activity of component i in phase j<
J
Rearranging (3);
(3)
opx opx )
~gzSiz06 • ~gAlzSi06
(4 )
othat is, (6G )P,T = -RT In K
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P
Generally, 0 0 + LISI.{J dP(t"G ) P,T = (/;;G )1,T
0 0 f~/;; yO dP= /;;H ... T/;;Sl,T +l .. T
where P is in kilvbars, T in °Kelvin, and
Wcod and Banno (1973) aId WOod (lS74) have previously established the use of
both an ideal multisite solid solution model and a regular solution model
for orthopyroxene" Before obtaining a final expression for equation (4);
I will review the data and modelling of activity-composition relations in
both garnet and orthopy>::oxene"
Al.2 GARNET SOLID SOLUTIONS
Garnets can be treated as two-site multicomponent solid solutions
(GangulYJ 1979; WOOd .. 1974; Haselton and Newton, 1981), with three
essentially equivalent 8-eoordinated sites and two equivalent octahedral
sites:
cc3B zSi 30 1Z
where cc = Ca, Fe, Mg v Fe 3+
B 3+= Cr, Al, Fe
in most important garnet compositions coexisting with orthopyroxenes. We
will not consider Fe 3+ in this treatment as most analyses are obtained
from microprobe techniques. It must be recognised that Fe 3+ will be
important in sorne compositions and introduces one limitation to the applica-
bility of the final barometry equation.
The general form of the garnet solid solution can be written as:
d h .. f ga .an t e actlVI ty 0 pyrope, a:._ Al S· 0 ' IS related to canposi tion by the
1V1l::l3 Z 13 1 Z
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the expressIon:
where YMg' YAl are activity coefficients on each site. Wood and Nicholls
(1978) have pointed out the possibility of reciprocal i or cross-site" inter-
actions in er-rich garnets. These interactio~s are of the type Ca-Cr and
Ca-Al: where the properties of one lattice site is partly dependent on the
constitutior, of the other site" My experimental data applies to non-er bearing
garnets, so (eciprocal effects may be neglected, although they may becaue
important in natural systems.
In FMAS, the garnet solid solution is essentially only a one-site
To evaluate YMg 3 , I have adopted a binary regular solution model for
garnet in FM.AS (Thornpson, 1968; Ganguly, 1979; O'Neill and Wood: 1979), where~
(5)
Het1ce
(6)
Previous estimates of W~~ range from 2580 cal (Oka, 1978) and 3000 cal
(Ganguly and Kennedy 1974) to 195 ± 215 cal (O'Neill and Wood, lS79) or
zero (Wood and Nicholls, 1979).
W~~g = 0 has been adopted in this treatment .. based on the experimental
work of O'Neill and Wood (1979) on garnet-olivine Fe-Mg partitioning.
Hence,
= 31n ~~
in FMAS.
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Table Al.1 MOLAR VOLUME DATA FOR ORTHOPYROXENES AND GARNETS IN FMAS
ENSTATITE
o 3V298 (cm) reference
PYROPE
It/ O (3.IV298 cm j reference
FERROSILITE
66,03 Mi:4tsui et. "l. (1968)
66.02 ~kfOgi and Akimoto e1977}
66.00 .. Tlirliock et. ~·l. (1973)
Al-ENSTAT HE
mol% MgTs refe~"en(;e
62.49 5.0 S8
62.53 5.0 Aa
62.28 8.21 D~I
62j5 8.80 GG
62..27 10.0 SB
61.96 10.0 C
62.18 10.0 AO
62.09 15.0 SB
61.99 15,0 AO
62.06 16.14 ON
61.92 20.0 SB
61.96 20.0 AO
61.80 24.25 DN
61.80 25.0 SB
61.89 25.0 AO
61. 71 30.0 SS
61,,78 30.0 Aa
6J..74 30~O HE
61.42 50 extrap. GG
60.29 100 extrap. AO
abbreviatioils :
S8 Sk i nnet and Soyd (1964)
AO Arima ana Onuma (1977)
ON Oanckwerth a~d Newton (1978)
GG Ganguly and Ghose (1979)
C Cnarlu et. ~l. (1975)
HE Hensen and Essene (1971)
62138
62.70
62.69
62.62
62.6
62.52
62.31
Hensen and Essene (1971)
Matsui et. al. (1968)
Ganguly and Ghose (1979)
Danckwerth &Newton (1978)
Newton et. al. (1979)
Turnock et. al. (1973)
Arima and Onuma (1977)
113.38
113.29
113.27
113.24
113.23
113.22
113.2
113.13 ,.
113.12
115.45
115.37-
115.35
115.34
115.33
115.3
115.29
Ganguly and Kennedy (1974)
Skinner and Boyd (1964)
Hensen and Essene (1971}
Oka (1978)
Akaogi and Akimoto (1977)
Newton et. al. (1977)
OINeill and Wood (1979)
Cressey et. al. (1978)
Charlu et. al. (1975)
Takahashi and Liu (1970)
ALMANOINE
Takahashi and Liu (1970)
Oka (l978)
Kawasaki and Matsui (1977)
Hsu (l968)
OINeill and Wood (1979)
Cressey et. al. (19781
Akaogi and Akimoto (1977)
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Al. 3 ORTHOPYROXENE ACrrVITY-cOi."1POSITION RElATIONS
Following the ",;ark of Saxena and Ghose (1969), Virgo cmd Hafner (1970)
and weod and Banno (1973), the orthopyroxene solid solution is described
in terms of a multi--site mixing model. The orthopyro}~ene contains two
tetrahed~al s:..tes,. A and B, and ty,o non-equivalent octahedral sites, Ml a.T1d
M2. It has teen found (Takeda, 1972) that Al only enters the Si-B site and
essentially is restricted to the Ml octahedral site (~~1guly and Ghose, 1980) 0
Wood and Bc'i,no (1973) -used a two-site mixing model thus:
op>: ~~ X:~ opx (=yM2 M1~g2Si206 = Y . 0 YMg)Mg2 S12 6 Mg
~,nd opx X:~ 11:1 opx M2 M1\1gAl 2Si06 = • tAl J YMgA12Si06 ( YMg "(Al)
(7)
(8)
,. which assumes no contrIbution of the tetrahedral site to the entropy
of mixing J Powell (1978) profX)sed a more complete a-"X model based on the
statisticnl models of Kerrick and Darken (1975) ~
~ ~2 T 2a._. s' 0 = . .(XS ·)~~2 1 2 6 g g 1
a. Al S'O - 4vM2 .M.l XT TMg ···2 1 6 - '111:g' XAJ... AI" XSi
While these expressions allow more fully for the possibility of Al-Si
disorder in the tetrahedral sites, in practice they are unwieldy and
subject to large errors resulting from analytical errors.
In FMAS, orthopyroxene may be regarded as multisite regular solution
(Thompson, 1968), with each sublattice behaving as a regular solution.
Ass~~ing Al in the M2 site is negligible, the M2 site can be treated as
a binary regular solution in Fe-Mg; thus
M2 vM2 2 vf:2
RTln YMg = (~e) • FeMg (9)
Mixing of Fe-Mg-Al will occur on the Ml site, which can be treated
as a ternary symmetric regular solution (Thompson, 1968). Expressions
for the activity coefficients may be written as follows (Sack, 1980;
'Wood, 1974):
iv11 ,)vU 2
Rl'ln Yl\1g = ("'Fe)
+ (.)11Jlpe •
~eMg + (~) 2 • ~Al
~) (~~g + ~Al - W:Al)
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(10)
Ml = (vMl
e
") 2Rl'ln YAI "'Fe
. Nl )'11 2 _Ml
WFeAl + (,'Mg) • WMgAl
.Ml . Ml t lft.J. _ ....t'11
.. )fie) (WPeAl +NMgAl VVFeMg ) (11)
It must be noted tnat th.ese expressions represent on-site terms only,
that is the non-ideAl contribution to the macroscopic activity of a component
in the multisite solid solution which arises only from interactions on one
type of site. As shown by Oka (1977), W0cx:3. and Nichol1s (1978) ~ and Sack
(1980), interactions across the sites may be important contributors to the
macroscopic activities observed in .site·'...distribution experiments. Oka (1977)
and Sack (1980) considered Fe--Mg mixing in orthopyroxenes using reciprocal
solid solution models to explain the site distribution data of Saxena and
Ghose (1969) and Virgo and Rafner (1970). Sack (1980) formulated Fe-Mg
exchange between olivine and orthopyroxene using both on-site regular solution
terms and a reciprocal exchange term for Fe-Mg distribution in orthopyroxene.
- 0It was shown thnt the value of ~Gx ' the free energy of the exchange
reaction
Mg(Ml)Mg(M2) + Fe (Ml)Fe(M2)
= Mg(Ml)Fe(M2) + Fe(Ml)~g(M2),
has an important effect on the apparent macroscopic activities of
Failure to include this term in analysis of site-distribution
data, results in apparent values of
(e.g. Saxena, 1976; virgo and Rafner, 1970; Navrotsky, 1971)
(Yl!FeM2 )opx which are inconsistent with data obtained on K opx-ol.9 D FeMg
On this basis, it may be warranted to use a reciprocal approach for
(Mg 1Fe)M2 (Mg,Fe,Al)Mlorthopyroxenes. Following the methods of Sack
(1980) and Wood and Nicholls (1978), tvx::> exchange reactions will be
required to relate the components FeAl and FeMg to the minimum four
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ccmronents (MgMg, FeFe, MgAl and MgFe) required to define the solid
solution:
Mg (Ml)Mg (M2) + Fe(Ml)Fe(M2) =Mg (Ml) Fe (M2) + Fe(Ml)~~(M2) for which
we have 6~ given by S~ck (1980), and,
Fe (Ml) Fe (M2) + lVig(i'12)Al(Ml) = Fe(M2)Al(Ml) + L'4g(Ml)Fe(l-i2);
the free energy of this exchange being designated as 6GPFeA1 "
Then,
+ site terms (eqns. (9) and (10))
+ site terms (eqns .. (9) aild (11))
(12)
(13)
Substitutins (9); (10) and (12) into equation (7), and (9), (11) and (13)
into equation (8) we derive:
and~
opx
R1'ln a...~ S' 0LV1<;12 12 6
vM2 .M1 -".<) .. M1 M2
= RTln ("'Mg , XA1 ) + 6GX (Xpe " Xpe)
+ 6~eA1 (~; • ~) + (~) 2 ~M9 + (~) 2 ~Al
+ (~;) 2 • ~~g+ (~; • ~i) (~VI9 + ~A1 - ~eAl)
(14)
RT1n ~~~2Si06 = RTln(~ • ~) + 6~ (~~ • ~;)
-0 JV11 .M2 j1l 2 .Ml yMl 2 Ml
+ 6GFeA1 ("Mg u Xpe) + ("'Fe) . WPeAl + ("Ms) WMgA1
~2 2~2 ~1 ~l .. Ml Ml
+ (Fe) F~ig + ("'Mg' Fe) (WFill + WgA1 - ~eMg)
(15)
From (14) and (15) it follows that
RTln ( oPX opx )~g2Si206 • ~gAl2Si06
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Table A1.2 INTERACTION PAR~JETERS FOR ORTHOPYROXENE SOLID SOLUTiONS
PARAMETER DEFINITION/~IODEL REFERENCE VALUE (cal/mol)
11 11
SmR Fe-Mg opx on M1
and M2 sites
3788
o
8I20
900 (110)
7184
5000
3775
10450 ba':~s
-1290 at 800 °c
640
1067(~3) _406
-6680 - 4.75{T)
5983(1¥l2928
3525 (~?). 1667
2458 ~1~3) -1261
1570 (1100)
420 at 800 DC
910 at 500°C
11 11
11 11
11 11
11 11
11 11
11 11
11 11
Oka (1977)
Wood (1974)
Holland et., al
(1979)
Powe 11 (1978)
Saxena (1976)
Powell (1978)
Sack (1980)
Kawasaki and
Matsui (1977)
Powe11 (1978)
Saxenl\ (1976)
1111
reciprocal exchange
term
net non-ideal term
due to on-site and
cross-site effects
SmR multisite Fe-Mg
opx with reciprocal
terms
reciprocal term
SmR, Fe-Mg-Al mixing
on Ml site of opx
SmR, Fe-Mg-Al mixing
• I
on M1 site of opx .
SmR, Ca-Mg-Fe mixing
on M2 site of opx
SmR bulk opx &ppar-
ent paY'ameter
SmR multi site Fe-
Mg-Al opx
SmR multisite Fe-Mg
opx with reciprocal
terms
Ml M2
WFeMg-WFeMg
MlWFeMg
~~M9
WopxFeMg
M2WFeMg
MlWFeMg
1;,M2
~eMg
v!.Jl _WM2
FeMg FeMg
-0ClG
X
(vMl _ 2.)11 + ~)
'Ng "Mg Mg
. .Ml ~l(1-2XA1) . ~e
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(16)
This is the ca-(~lete and rigorous formulation of the orthopyroxene
solid solution consistent with a multisite regular solution with cross-
site inter~ctions.
A1.4 GARNET-ORTHOPYROXENE Al 2 0 3 REAcrION IN FMAS
Substituting (15) and (6) into equation (4), we derive the equilibrium
relation of reaction (1) in terms of compositional variables and a number
of non..·ideal energy -cerms:
2
- 3 (Xga) vf3.aFe FeMg
o 0 JP'.D= 6HI T - T6S1 T + ~v dPI , .001
.)12 _.M2 .)11 1In the MAS system.~ = 1, Xpe = 0, .~ = (l-~)v
~; = 0; and ~~ = 1. Thus (17) may be simplified to
(6G?)P,T = + RT In (~i(l-~)) + ~~Al(1-2~f(1-~)
= 6H~,T - T6S~"T + rP 6ifJ dP
. J.001
(17)
(18)
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Following the method of Wood and Banno (1973), we assume that Mg-Al
interactions on the Ml site are ideal at 1 bar. Noting that
d 1 Y' v· - VOlRT( n 1) = 1
dp T,X
where V. is the partial. rnolar volume of component i in a phase, then
1
RT ln Yi = IP (V. - v?) dP1 1
.00'1
_-Ml-Ml .1'11WMgAl (1-2AAl (l-xAl)) =
and thus.
RT ln (YMgA1 2Si06 • YM92Si20~ = JP (VMgA12Si06 + VM92Si206
,001
but ilL MAS, via equation (18)
RI'ln (YMgAl 2Si06 • YM9 2Si 20 6 ) = wi:i~Al (1-2~)(1-t~)
Hence~
(V . + V: . (19)MgA1 2S106 Mg 2S1 20 6
- VM
o Al . - VO • 0 ) dP
-'0 9.2S1q6. MgzS126.
Substituting this pressure term into (18) we denve slm1lar express10ns
to Wood and Banno (1973) and find;
o jPMl _-Ml6Gl T + 6Vr dP = RI' ln (~Al-- (1 - ~Al))P T
.. • 0 0 1 ,
where 6Vr is now v?Mg Al S' ° - V:M S' ° - VMgAl S'O3 2 13 12 g2 12 6 2 1 6.
We will approximate by neglecting the effects of thermal expansion
and compressibility, thus
J
p 6V dP ~ P6V where P
r r
• 0 0 1
is in kbar
In the MAS system, then, we arrive at the condition of Wood and
Banno (1973):
Lill~,T - T6S~,.T + P6Vr = RI' ln (~ (1 - t~))
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where 6Vr is calculated from molar volume data of Skilmer and Boyd (1964),
Arima and Onuma (1977), and Danckwerth and Newton (1978), Following the
procedures of Wood and Banno (1973) and Danckwerth and Newton (1978), the
6V
r
C2n be finally expressed as
6V
r
= -(183.3 + 178.98 XAl (l··XAl )) calsjkbar
The molar volume dat2 on which this equation is based is swmnarised in
table Al.1
In the FMAS syEtem (eqn, (17)), the 6VO term may also be adjusted~
using partial molar volume data J so that the ~Al terms are accounted for
(Le, replace 6ifJ by 6V
r
). This assumes that the volume behaviour of Fe-Al
orthopyroxenes is similar to behaviour on the i~-Al join, and hence that
the pressure dependence of any non-ideality in Mg-Fe-Al pyroxenes qill be
similar to that of the Mg-Al pyroxenes.
To further simplify (17) we may consider the term
(~~) 2 (~)
which appears in the denominator of the InK expression-. From the site
occupancy data of Virgo and Hafner (1970) and Saxena and Ghose (1969) we
know that Fe 2+ favours the M2 site in the orthopyroxene, thus
Mg iVI2 m opx Mg Ml(Mg+Fe) < (Mg+Fe) ~ (Mg+Fe)
values of ( M9__)
i
and as all are less than unity,Mg+Fe
( M2) 2 Ml 2 M2Ms ~.~ opx~
.J:1.9...Ms < f 9 \( (Mg+Fe) . (Mg+Fe) (Mg+Fe' 0 (Mg+Fe)
MS M2 MS opxbut ( Mg+Fe) ~ (Mg+Fe)
therefore, replacing this term in the R.H.S. of
M2 2 Ml(Mg ) MS((Mg+Fe) ) • (Mg+Fe)
the equation above
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Now, (Mg/Mg+Fe)Ml x (l-~) =~
and (Mg/Mg+Fe) M? ,,= ~
(Mg/Mg+Fe) opx = ~~x
So we have:
S'lbstituting (20) into the lnK expression in (17) we find
(20)
ga 3}i.( opx)
')1g
cnd hence that
RT ln (. yM2 2 yMI
(,'Mg) ''Mg.
~) ~ 3 RI' ln
Al
,.. RI' ln (XAl (1-XA1 ) ) (21)
Substituting equation (21) into (17), nod using the volume correction
derived in MAS, we can now simplify and approximate equation (17) by the
expression:
o 06Hl ,T - T6S1 ,T + P6Vr ~ -3RT in
(22)
noting that -3RT ln
~a( otx) will be positive and larger than the true term
XMg
it replaces. At high temperature, as Ku approaches unity, this term
approaches zero and hence the term -3RT ln
3~)
((-? )
(~) (Mg/Mg+Fe)Ml.
h 1 h Go . (22)must approac zero a so. '1' us 6 1 T + P6Vr < expresslon R.H.S v ,
, ga
o ~and 6Gl ,T + P6Vr > R.H.S. (22) + 3RT In ( opx) ,. If we ignore the
XM9
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(~ga/x~px) term entirely, our extracted values of W". will be adjusted
-"Mg LVlg .LJ
to slightly high values, and liS~,T will be an apparent entropy of reaction
with a value slightly different from that obtained if we could apply
equation (17)0 In view of the lack of knowledge on Fe-Mg site distri-
butions in alwllinous orthopyroxenes i and the uncertainties in garnet
compositions in equilibrium with orthopyroxenes in these experiments
(see Chapter 2), ignoring the (~~/~~x) term is justified in the
development of a practical barometer.
(Note that this term can contribute 1826-3270 cals to the result,
depending u];Dn T/ representing a change in liS~,T of,S cals; liS~,T will
be more negative than liS!.T found by ignoring this term)"
.
Now we have th~ relation
(23)
This can be further simplified for the practical analysis of the
experimental data by substituting ~~x for the site terms related to the
interaction parameters (W .. ).
1J
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. .M2 0px t;illl opx .. ]ViI opxNotlng ~ X-....: > x. S; X (1-XA1) I and X-~Fe :( XFe ' we can make theFe'" Fe' e Fe
following 2-pproximatiot1s ~
(a)
(b)
(c)
(d)
:t can be seen that the approximations act in opposite directions,
and w:;'ll balance out to some extent. It is considered that the approxi-
mations are valid within the error.s of the experimental technique,
and the level of sophistication of equations (17)-(23) not allowed
by the data collected,
Equation (23) is now simplified to:
oMll,T ..... Tt,SLT + Pt,Vr = RI' In (XA1 (l···XAl ))
+ ? (l_~~X) 2 {~g -i- (l-XAl ) X~~x ~~
... 2 ((1-X ) (x<::JPX)) 2 ~l + (x<::Jpx) 2 (2t,G _ t,Go .)Al --Pe FeMg --Pe X FeAl.
+ x~~x~eAl + (1'-2~) (1-XA1) ~~~;Al
2
- 3 (Xga) wgaFe FeMg
which can be rearranged to:
(24)
With this equation we are in a position to evaluate the contribution of
various terms in the solid solutions to t,G~,T. Wood (1974) assumed that most
of the (Mg/Mg+Fe) dependence of XAl in orthopyroxene arises solely from
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non-ide~l Fe-Al interactions, a situation which may be valid when we
consider tlie sizes of the other terms.
Sack (1980) obtained an e)~ression for 6G~, consistent with oli-
vine -opx ~ data, where 6S~px = -4.4 cal K-l 001-1 and
6Ho = -6.68 kcal. These pa~ameters give the condition:
X
kcal
(24(a))
Sack (1980) also obtained an expression for ~~g - ~~
~ _ ~~2 = 1.067 (IT0
3
) - .406 kca1Fe'vlg FeMg
Using these data, we can consider the size and contribution of the term
(i:PX ) 2 (2 (~2 _ (l..X ) 2 ~1 + 6cP))-~e FeMg Al FeMg X
_M2 .Ml -0This will be llegative f as W < W- and 6GX is negative, and can be
approximated by
(Xopx) 2 (2 (~2 _ ~1 + 6Go))
Fe FeMg FeMg X
Using the equations of Sack (1980) above, we find that
.M2 _Ml -02(WpeMg - WPeMg + 6Gx) is negative and very temperature sensitive,
ranging from -4,2 kcal at 8000 C to only -0.4 kcal at 11500C. Thus,
this term will only be significantga
the positive term --3RT In (XMg )
~~x
at low T and in the same T range where
is significant. To evaluate the full
effect of (24(a)), the (x~~X)2 term must be considered. In ultramafic
cornpositions F x~~x ~ .10, so the contribution will be insignificant:
-(,01) ~{ (.7) = -.07 kcal at 10500 C.
In granulites, where ,,3 < x~~x ~ .7, then
,09 < (X_ )2 < ,49
- -~e -
Thus the negative energy contribution of the term (24(a)) will be most
significant at high x~~x (.7) and low T (700r~900°C). Under these
conditions values of -2 kcal may be approached, which balances the
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fOsitive -3RT In term that has been ignored. Thus for these
conditions we should ignore (24(a)) also.
. opx comb' .Values, in kcal, of (21 (a)) for vanous T··X Mg matlOns are
given in the table below (Table A2)~
.70.60.50
--'_.'-
8000C -l.05 -.67 -.38
9000C - .54 -.35 -.19
9750C - .28 -.18 -.10
10500C - .18 -.11 --.06
We can now consider the contribution of the term
(l-X ) (~px) wMlAl --Fe PeMg (24 (b))
Values of ~eMg decrease with increasing temperature from 900 cal at 8000C
to 700 cal at 10000C (Sack (1980) 7 Oka (1977)) 0 Thus this term can only
be significant at high values of X~~x and low values of x~r" Le. at low T.
,opx d opxWl th XAl = .10, an .3 < Xpe <.7 .. then 1~~;0 cal ~ (24 (b)) ~ 450 caL Thus this
term makes a small positive contribution, particularly in iron rich
comfOsi tions >
The term
(p (l._Xopx) (~px)6 PeAl Pe -~e (24 (c) )
will give a symmetrical contribution to the 6G~iT with respect to ~~x.
In ultramafic ccmfOsitions and Pe-end member systems 0 .5 (l--Xpe) (Xpe).5 .13,
and thus the contribution of (24(c)) will be rather small (depending on the
size of 6G~eAl)' In granulites, and in the ~~Xranges of these experiments:
opX opx .
•21 ~ (l-Xpe ) (Xpe ) ~ .25
h ::::0 opx opx -0ence 6GpeAl (l-XFe ) (XFe ) ~ (.23) 6GpeAl
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(24 (d) )
The size and sign of ll~eAl are unknown and must be estimated, if
p:Jssible, from e;,per imental data,
The last term to consider is the ~~ term;
.Ml ..Ml opx
WPeAl ((1-·2"Ai) (l-XAl (Xpe ))
Powell (1978) estimated ~eAl "=' 3'775 cal while Wood (1974), in attributing
o·...,x
all the x.. dependence of XA~ co this term· derived a value which can be-~-
extracted from his pa{ameter C:
C = -(~Al/~Vr) = 10450 bar
where llVr ~ -.200 cal/bar v Thus ~~Al ~ 2090 cal. Thus it is to be
expected that (24(d)) will make a large positive contribution to
llG~,T' paLticularly at low x~iX illld high ~~X, or low T-high ~e
conditions~ These conditions are precisely those where (24(a)) is strongly
The netis strongly positive and balances (24(a)).
negative, (24(b)) is positive (~ 400 cal);, (24(c)) is small, and the term
~a
(",,:9.-)
X.0px
-1VJ.g
-3RT ln
result is that at low T and high ~~;~~ (2t:1, (d)) will be the only term
that needs to ~ consideredv
The term -3RTlnp:Jsitive,
Under higher T~ moderate ~~Xconditions the term (24(a)) will be
negative but small (> -400 call, (24(b)) will be positive but small
« 200 call, and (24(c)) will be more important and probably strongly
~a
(~) will also be positive and large
XMg
(1000-2000 cal) " The positive contribution of (24(d)) to L'lG~,T will be
smaller but still significant" Under these conditions. if we ignore all
other terms than the ~~ term (2~(d)), then our apparent ~eAl will
be too large (and positive) as it will include the overall positive
value resulting from the other terms, particularly the unknown
-:::0
llGFeAl •
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Acknowledging this source of e[ror, we can simplify equation (24)
to an expression which will be useful for tl1e Cti'1alysis of the experimental
data in FMAS. This is now a semi-empirical fit similar to the W<xx1
(1974) equation~
&1:~,T - T6S~,T + PtNr ~ RTln KAl + ~;Al «1.-21'~) (l-~) (l_X~~x) (25)
This equation has been appEed as a first approximation to the data. A
IT~re sophisticated treatment could then include 6~eAl:
6H~fT .., T6S~,T + P6~ = RT In KAl + {~l «1-2~) (l-~) (l"'~~x))
+ 6ff (l_~px) (~px) (26)FeAl -r'e --Fe
with the value ~f {~ adjusted accordingly. As a result of all the
appro:idmations implicit in eqn. (25), significant deviations from a good
fit of natural a1d experimental data to (25) may occur under the following
conditions:
(a) at low T in high ~~x assemblages
(b) at high P ···T where I<n; s and hence -3RT In
-ga~( OW)
~
are still large, in moderate ~~x compositions.
(c) where 6~eAl is large (> 5000 cal) and not balanced out by
other terms.
In summary, the critical assumptions introduced in arriving at (25)
are~
(a) the site occupancies of Fe and Mg on Ml and M2 can be ignored
and ~~x or ~~x used where appropriate. l~jor errors in
estimated P using (25) may occur where the site distributions
are widely different from ~x and x~~x. This problem is
somewhat avoided by incorporating assumption (b) below.
(b) -3RT' In
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~a
(..!:'!9-) can be iqnored and instead incorporated into an
opx -
XM9
_Ml Ml
apparent WFeA1 or WsFeAI
term~ or balanced off by other energy
tenns which are also ignored (21(a))"
(r::) 6~eA~L is not lexge a-lough to be an important factor in the
r.l!lhlysis / &j".d ffi3.y be .i.ocorrorated into the apparent ~eAl term p
(d) 1jPF'a . :.: O. as found by recent v.;orkers ..
elY1Cf •
(O'Neill and WOOd, 197~, WOOd and Nicholls, 1978)
The equation (25) which we have finally arrived at essentially
treats the reaction
En + MgTs = Py
as an alternate rea,ction of the form~
2+' . 2+Al '0 2+Al S' 0M 2 S120 6 + M 2S1 6 = M3 2 13 12
(1)
+where M2 ;..; Mg,Feo No entropy of mixing results from the presence of these
, . h h m1" fOpxtlt.O cat10ns 10 the ga.rnet or t e ort opyroxenes. .I.£1e vanatlon 0 XAl
wi th ~ is attributed only to mixing of Mg-Al and Fe·,,·Al on the orthopyroxene
Ml site. Thus, the addition of Fe2+ to the MAS system if: not regarded as
a dilution effect but as a result of diffenmt mixing properties between
the (MgAl)Ml and (FeAl)Ml components in a simplified orthopyroxene~
This is a rather simplified view of the macroscopic activities of the
garnet and orthopyroxene solid solutions arising fr08 a number of
complicated effects in the orthopyroxene solid solution" In this regard,
the ~~ value derived from the experimental data should be viewed solely
as a regression parameter. Is is not a value to be used unquestioningly
as an input to other quite different reactions involving orthopyroxene and
other aluminous phases. The more realistic value of ~eAl will be smaller,
by up to 2000 cals.
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Al.5 GARNEr-oRrHOPYROXENE Fe-Mg EXCHANGE - FMAS
The distribution of Fe2+ and Mg between coexisting orthopyroxene and
garnet is gover,ed by tbe following reaction:
py:wpe ferrosilite enstatite almandine
for which the condition of equilibrium is given by
(28)
~V~98 for this reaction is -22086 cal kbar~'li calculated from mol~r volume
d~ta given in table Ai, using the relation
~VO = EVO products - EVO reactants
= 1/2 (v? . - VO . ) + 1/3 (v:.. . - v? . )Mg 2S1 z0 6 Fe2S1z06 Fe3AlzS13012 Mg3AlZS1 30 12
Activity-composition relationships of garnet in FMAS are as given
in section Al.2, thus
Using a binary regular solution model for garnet in FMAS, as before,
we have
ga
• WFeMg
ga Z ga
and RTln YAlM = (X1'1g) • WFeMg
thus RT in (1-2~ea) Wga in FMAS
-"'F FeMg
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From equation (14) we have
-0
+ 6GFeAl
+ (~~)2
and similar1y
(29)
RT In ~pxS· 0 = RT In (~2 • ,,)11) + A(P (,,)11 ,,)12)
e2 12 6 Fe ~e u X ~g • ~g
-0 ,,)12 ~l ,,)11 2 vl:l ~l 2 ~l
+ 6GFeAl (~g. Al) + (~g) FeMg + (Al) FeAl
,,)12 2 vl:.2 ,,)11 ~l vl:l vl:l vrl (30 )
+ (~g) FeMg + ~g. Al ( FeMg + FeAl - MgAl)
Substituting the garnet a-x terms and orthopyroxene activites given by
equations (29) and (30) into equation (28) we obtain
6Go +J P 6VodP = -RT In K1,T .001
= -RI' In { (~:). (~~ ~~ )J-(1-2~a) wga
x-9.a ~2,,)11 --Fe FeMg
-Mg Fe • ~e
k (1 2vM2 ) vl!.2 l.- (~l vMl ) vl:l
- 2 - ~g FeMg - "2 Fe - ~g FeMg
k _-Ml _Ml _MI-Ml-o
- 2 (hAl ) (WMgAl - WFeAl) - hie 6Gx
M2 -0 ft _-Ml -0 _-Ml
- hie (6GFeAl (~g - hAll - 6Gx (l-hAl ))
To simplify equation (31) we make the following approximations:
~
(1) (~~. ~~/~; • ~~) ~ ~~x/~~x
(2) ~~ ~ (l-XAl ) ~~x
(3) ~; ~ ~~x
resulting in the following relation:
(31)
(32)
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-Rt InK ~ -Rt In ~ - (1-2xi:) W~~g - ~ (1-2~~x) ~~
- ~(1_2Xopx) (l-X ) ~
-"Mg Al FeMg
- ~~ (~~Al .- ~~l)
-0
- ~XFe (XL\ilg (l-XAl ) - XAl) 6GFeAl
In this expression 6~eAl is unknown! W~~~g ~ 0 (O'Neill &Wood, 1979),
~~Fe and~Fe can be obtained from Oka (1977) a'1d Sack (1980), and
~~1 » ~Al and is kno'AlI1 to be large. We can make the following
observations on the relative contributions of the various terms:
(a) for reasonable values of ~~x " x~x the coefficient of
6~eAl will be in the order .07 to clO
i.e. ~ XFe(~(l-XAl) - XAl ) is in the range .07 to .10
(b) ~(1_2~~x) will be in the range 0 ± .20 for most granulite facies
parageneses, and around -.40 for ultramafic rockso ~Fe is only
r. 400 kcal (table Al), so the contribution frcm this term is only
o ± 80 cal in granulites, and -160 cal in ultramafic ccmpositions.
(c) The coefficient for wii~gr ~(1_'2~~x) (l"XAl);, for similar reasons
to (b) above will vary 0 ± .16 •~Fe is approximately 900 cal,
and decreoses with increasing temperature. Thus the contribution
from this term will be 0 ± 144 cal for granulite parageneses.
Considering the size of these various energy terms; we can approximate
-Ml d -M2 ' th .. opxWPeMg an WpeMgWl an apparent lnteractlon term, WFeMg :
~ (1.'2X-~px) vr2 + ~ (1_2X-°px) (l-X ) T.,Ml
-"Mg MgFe -"Mg Al vMgFe
= vf..px (1_2X-°px)FeMg -"Mg
. ..DpX _Ml _M2
wlth WFeMg ~ WPeMg + WPeMg < 600 cal.
2
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This combined term will give a contribution of 0 ± 200 cal to -RTlnK,
the contribltiofl being fDsitive at ~~x < ,5, and negative where
~~x > cS,
(32) now reduces to
-RTlnK = -RTlnK- - (l-2)CoP~ wopx _ 1 X -•.fpx Wopx )
-U -Mg) FeMg ~ Al \Y"MgAl - FeAl
(33,
Fitting adjusted eKperimental data to this equation, where we know
fj,vO.. wopx " and can set upperFeMg'
estimation of fj,H~.Ti' fj,S~,T and
_.0pX _.0pXbounds on (WMgAI - WFeAl ) ,
a lower bound on fj,~eAl.
will allow the
-=0If we ignore fj,GFeAl , the reciprocal exchililge term, equation (33)
becomes
-RTlnK = -RTlnK_ - (l_2Xopx ) vE.px -!.zX (Wopx .. vE.Px ) (34)
- U Mg FeMg Al MgAl FeAl
This equation is used in the analysis of the adjusted Fe-Mg experimental
data of Chapter 2"
Appendix 2
EXPERIMENTAL RUN PRODUCTS IN FMAS AND CFMAS
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AP?ENOIX TWO
EXPERIMENTAL RUN PRODUCTS IN FMAS AND CFMAS
An gc.rnet-ort~'·lopyroxene (±melt} compositivnal data obtained in
FMAS a;1d CFMAS experiments is presented ';n the folio\l'Jing diagtams, in
order of decr;30:::il1g T (experimental} anci ~,i1:.h decreasing P at each
tempei~c:tL:re", All Fr'iAS data is presented f';rs"c, follov:eci by the CFMAS
exp2Y";m,:mta1 de. ta,
In the case of FMAS data, compositional information is presented in
partial ;Al-Fe-Mg diagrams. Run numbers are ~ndicated in the upper right
hand corners of these diagrams, and run conditions (~C, Koar) are givet
outs ide the ri ght hand corners of the d':i;;.grams",
In each FMAS (and CFMAS) ~Al-Fe-Mg diag;'alTi ;
(a) horizontal arrows above garnet compositions (gar) i'ld~cate
direction of zoning from seeds to rims. Arrows between
garnet data points indicate progressiv~ rimward zoning in
one grain. Garnet zoning is from Fe~ to Mg~richer r~mwards
unless otherwise shown.
(b) diagonal (to greater or lesser A'I-contents) arrows adjacent
to Oi"thopyroxeile analyses indict,te direction of zor;ing from
seed compositions or glass bU"ik composition. Arrows pointing
to higher Al-contents refer to mineral mix starting materials
, while downward pointing arrows refer to glass starting
materials. No arrow indicates approach from higher Al-
contents also (glass starting materials).
(c) t1e lines join compositions of garnet rims and orthopyroxene
rims or average analyses. Tie lines also join orthopyroxene
with compositions of olivine (T720) or melt" when present.
319
Experimental data in CFMAS is presented, for each P-T condition, in
two types of diagram :
1. partial ~Al-Fe-Mg diagrams illustrating Al-contents and Mg-
numbers of ortnopyroxene and garnet (±melt). These diagrams are
offset to enable easy visua·; isation of separate Ca-mix data
(labelled C2, C4, and C8 respectively).
2. partial Ca-Mg0Fe diagrams illustrating XCa values of garnet and
orthopyroxene~ Ca-Mg zoning in each mineral, and compositions of
melts. In these diagrams:
Ca} syrnb()ls: solid circles ••••• C2 mix (X~~}( 0.02}
crosses ••••..•.••• C4 mix (" 0.04)
open circles •..••• C8 mix (" 0.G8)
Cb} garnet compositional zoning to more Ca-Mg rich rims is
indicated by arrows from the Fe apex.
(c} theoretical bulk compositions are shown by filled
triangles.
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APPENDIX 3
THE GARNET':'ORTHOPYROXENE'~PLAGIOCLASE':'QUARTZ GEOBAROMETER.
For the reaction :
+Mg2Si z06
orthopyroxene
CaA1 2Si 20S
plagioclase gai"net qJartz
Wells (1979) gives the following geobarometer relation;
P = -l-{3300 + 6.26T
567.7
ca1/mol
.•..•......•.•. (1 )
The following a - X relations have been used in this study for
the activity coefficient terms (¥) in equation (1) for each phase
Ca} For garnet solid solutions in Fe-Mg-Ca, a ternary
symmetrical regular solution model with the following
values of the interaction parameters (as defined in
Appendix 1)
vJg a = H9a = 0FeMg ·CaFe
Wt~M9 = 2500 ca1 per 4 oxygen garnet formul a.
These values yield the following a - X relation:
2 2 JRTln~ga(~ga) = 2500oxgao-x9caa) + 5000Xga [l_Cl_xqa)xga
ca Mg Mg Ca Ca Mg
,where XM~ = (Mq/Mg Fet of garnet.
(b) Forplag;oclase solid solutions, the non-ideal term derived
by Saxena and Ribbe (19721 is adopted
6Gex = XAbXAn 1967+715(XAb -XAn 1]
(c)Orthopyroxene solid solutions in Fe-Mg-Al-Ca are assumed to
be ideal and Fe-Mg site occupancies are ignored , so that :
(XM1 XM2) (~M1 ~M2) = (Xopx,z (1_Xopx)Mgo Mg ° Mg· Mg Mg 1· Al
. 'where xOAPx = A1j2 and Xe px = Mq/Mq FeI I I'J9' .
Substitution of the relations given in Ca), Cb), and Cc) above
into equation (1) yields the following equation which has been used
to estimate pressures for the qarnet-orthopyroxene-plagioclase -
quartz assenblages considered in Chapter 6. :
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P (kbar) = 1
567.7
3300+626T+RTln( Xga (X9 a)2
. Ca· l~g
eXop )2 (l_XoP) XP1ag~1g •. Al· An
+ 2500XQa CI_X 9a }2 + 5000Xga,( _Cl_xqa}XQa)Mg Ca Ca\ Ca Mg
••••••••• 0 • • (2)
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